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Abstract   
 
The distribution of species determines global patterns of biodiversity and ecosystem 
functions. Current species distributions are the result of the complex interplay of 
evolutionary, environmental, ecological and anthropogenic processes, which act across 
multiple spatial and temporal scales. Understanding the relative importance of these 
drivers for different taxa and regions is crucial for informing scientific and applied 
conservation debates on management of species under environmental change. This thesis 
investigates how past natural climate change, recent anthropogenic land cover change, 
and phylogenetic relationships may have contributed to shaping current climate niches 
and species distributions. This research focusses on two typical open-habitat plant genera 
in New Zealand for which the species-level geographic distributions are well known: the 
herbaceous genus Acaena (18 species) and the grass genus Chionochloa (34 species). 
New Zealand has experienced a substantial and very recent (<1,000 years ago) land cover 
change from being a largely forest-covered land to being dominated by open non-woody 
habitats. Therefore, for open-habitat plant species, the areas with potentially suitable 
habitat have substantially increased. This thesis investigates to which degree species have 
colonised these recently opened areas. The relative importance of the following factors 
for high abundance of Acaena species in newly opened habitats was quantified; (i) 
geographical habitat features, (ii) species climatic niches, and (iii) species functional 
traits. The results show that geographical features of habitat and climatic factors appear to 
be more important than species functional traits for utilising newly available open habitat. 
The geographic distribution of environmental conditions is a key driver of the distribution 
of species and ecosystems. Under environmental change, not only the environmental 
conditions at the location may change, but also the spatial arrangement and availability of 
those environmental conditions. Identifying the changes in the distribution and extent of 
such analogous environment conditions allows us to quantify and map environment 
change over time. In this thesis, an index quantifying the spatial availability of climate 
conditions was developed and applied to current and past climate conditions in New 





Coast in the South Island and southeastern parts of the North Island; whereas regions with 
currently common climate conditions are located in low-lying areas on both islands. 
Locations in the central South Island have a current climate that is currently less widely 
available than it was at the Last Glacial Maximum (LGM); on the other hand, current 
climate conditions of the South Island’s west coast and large parts of the North Island are 
currently more widely available than at the LGM. 
Past environmental change can contribute to shaping current species distribution, and 
geographical patterns of climate conditions are an important control of these distributions. 
Therefore, the importance of spatial availability of current and past (LGM) climate 
conditions for current species distributions was analysed. Current distributions of the 
open-habitat plant species investigated here are more correlated with patterns of current 
climate conditions than past climate conditions. Thus, for taxa investigated here, past 
climate change appears to be less important than current climate conditions for shaping 
their current distributions. Currently realised climatic niches and range patterns of species 
will reflect a legacy of past environmental and evolutionary processes. Two key historical 
drivers of species distributions were investigated here; evolutionary history expressed 
through phylogenetic relationships and environmental stability. Results indicated that 
currently realized niches of species investigated here are only poorly explained by 
phylogenetic relationships and long-term environmental stability. However, in areas 
where the magnitude of past climate change was larger than New Zealand, past climate 
change might play a stronger role in shaping the current distribution of plants.  
This study has shown that, for the open-habitat plant species investigated here, past 
climate and land cover changes can help to explain current species distributions for some 
species but not for others. Differences in these responses between species are likely due 
to the spatial arrangement of the species climatic’ niche conditions. This study highlights 
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Chapter 1: General introduction 
 
Habitat loss and climate change are key threats to global biodiversity (Newbold et al., 
2015, Pacifici et al., 2015, Sala et al., 2000, Thuiller et al., 2005). Natural and 
anthropogenic changes to global land cover and patterns of environmental conditions; for 
example, climate change, are a major control on the distribution of species. Current 
species distributions and patterns of biodiversity are the result of the complex interplay of 
long term evolutionary, shorter term ecological and recent anthropogenic processes. This 
thesis investigates how past natural climate change; recent anthropogenic land cover 
change; and phylogenetic relationships may have contributed to shaping current 
distribution and climatic niches of particular plant species. This thesis focuses on two 
typical open-habitat plant groups in New Zealand. 
 
1.1. Land cover change 
Global land cover change 
To date, 95% of the global land surface has some indication of human activities (Fig. 1.1; 
Kennedy et al., 2019). The effects of anthropogenic land cover change on natural 
ecosystems has been severe, especially since the industrial period in the 19th century. In 
the last two decades alone, c. 10% (3.3 million km2) of global wilderness areas has been 
lost (Watson et al., 2016). Ultimately, global land cover has two significant drivers: (i) the 
conversion of wildlands to agricultural lands, and (ii) the expansion of urban areas. 
Currently, agricultural lands occupy c. half of the global habitat for animals and plants, 
(71% of global land surface), while urban areas occupy c. 1% of the global habitat 
(WWF, 2016). Deforestation is one of the major changes on land cover by human 
activity. Forests are important ecosystems and resources for human well-being, however, 
the global forest cover has been rapidly decreasing; from 31.6% to 30.6 % of the global 
land surface from 1995 to 2015 (FAO, 2016). The land cover change is globally ongoing 
and causes irreversible changes in ecosystems. Therefore, it is important to assess the 






Fig. 1.1 Global map of the intensity of anthropogenic land cover modification. Human 
modification (HM) across global terrestrial lands, categorized as low (0.00 ≤ HM ≤ 0.10), 
moderate (0.10 < HM ≤ 0.40), high (0.40 < HM ≤ 0.70), and very high (0.70 < HM ≤ 1.00) 
(Kennedy et al., 2019).  
How does land cover change influence on ecosystems? 
As the original or natural vegetation and physical properties of an area are modified, the 
available habitat for species and the environmental conditions will change. These changes 
will effect which species and ecosystems are found in that area (Guo et al., 2018). Land 
cover change does not just result in habitat loss for species occurring in the area, but can 
lead to further changes in the functions and distributions of species and ecosystems 
(Barlow et al., 2007, Gibson et al., 2011, Mosher et al., 2009, Newbold et al., 2015). The 
reductions in biodiversity due to land cover change are often large-scale and irreversible 
(Kerr and Deguise, 2004). For example, primary tropical forests, which are free from 
anthropogenic land cover changes, showed marked differences in community structure 
and composition from secondary forests, which were established after land cover change 
(Barlow et al., 2007).  
Land cover change causes negative changes in ecosystems through not just habitat loss, 





physical process where large and continuous areas of habitat are divided into smaller 
and/or more numerous remnants or patches (Fahrig, 2003, Franklin et al., 2002). The 
difference of habitat fragmentation from habitat loss is that biota in fragments of habitats 
have some interactions and the interaction contributes to lower the negative effects of 
land cover changes on ecosystems, in comparison to habitat loss. The impacts of land 
cover change are not just physical changes in habitats; these changes in habitats cause 
another change in biotic interaction. Biotic interaction between species can be lost as the 
results of land cover change. For example, if some species shift their habitats to new areas 
as the result of land cover change, but others stay in the habitats, biotic interaction 
between the species are lost. The biodiversity reduction caused by habitat loss and 
fragmentation causes the loss of species interactions from ecological networks, for 
example, food webs (Hagen et al., 2012).  
Land cover change from the natural landscape to urban areas can give more negative 
changes to natural ecosystems than the change to agricultural lands. Urban areas are the 
major sources of anthropogenic carbon dioxide emissions from the burning of fossil fuels 
for heating and cooling; from industrial processes; transportation of people and goods 
(Grimmond, 2007). More than 90% of anthropogenic carbon emissions are generated in 
urban areas (Svirejeva-Hopkins et al., 2004). Therefore, assessing impacts of land cover 
change on ecosystems is important to predict the impacts of future land cover change. 
 
Land cover change in New Zealand 
In New Zealand, evergreen conifer-broadleaved forests have been the dominant cover 
through the Holocene (c. 26,000 years ago to the present). However, since human 
settlement in the 13th century, c. 60% of the original, pre-human forest was transformed 
through fire to open habitat, largely scrubland and tussock grassland (McWethy et al., 
2014). There were two main periods of rapid forest loss associated with human arrival in 
New Zealand (McWethy et al., 2014): (i) forest burning by Maori in the 13th century 
(McGlone, 1989, Stevens, 1988) and (ii) European forest clearance in the early 19th 
century (Stevens, 1988). As the results of these events, the forest cover in New Zealand is 
currently c. 37% of the land areas (Fig. 1.2; Landcare Research Informatics team, 2015, 
McGlone, 1989). There are a wide range of typical open-habitat plant taxa in New 
Zealand; two key open-habitat genera are Acaena and Chionochloa. Both genera 





detailed distributions and genetic trait information are available. In this thesis, drivers of 
distributions of these genera were investigated. 
 
Fig. 1.2 Human impacts on New Zealand's natural forest (McGlone, 1989). Forests are shown as 
gray. 
 
1.2. Climate change 
Past climate change 
Climate has been naturally changing since the Last Glacial Maximum (LGM; c 30,000 - 
20,000 years ago). The most recent large event of climate change was global warming 
since the LGM. A global mean of annual temperature at the LGM is estimated at 4.5°C 
colder compared to preindustrial conditions in the 19th century (Fig. 1.3; Otto-Bliesner et 
al., 2006a). LGM is defined as the most recent time during the last glacial period when 
ice sheets were at their greatest extent within a specific region. Therefore, the timing of 
the LGM can vary depending on the location. Globally, the LGM was c. 26,500 years ago 
when the global ice sheet cover reached the maximum, whereas the timing of the LGM in 
New Zealand has an uncertainty; c. 65,000 – 13,000 years ago (Shulmeister et al., 2019). 
The temperature difference between the LGM and the present also varied widely 
depending on the location. The tropical land temperature was estimated cooler by 2.6 °C 
than the current temperature, on average (Otto-Bliesner et al., 2006a). In Europe, ice 
sheets covered half of the area and area covered by the ice sheets had lower temperature 





sheets (Strandberg et al., 2011). In New Zealand, the annual temperature was cooler by 
10 °C at the maximum (Hijmans et al., 2005).  
In the future, more rapid climate change is predicted. For example, by 2100, global 
surface temperature will rise by 0.3 - 4.8 °C (IPCC, 2014). The increase of extreme 
weather, (e.g., tropical cyclones, heatwaves and precipitation extremes), has been 
reported recently (Coumou and Rahmstorf, 2012), and more frequent and longer extreme 
weather is globally predicted (IPCC, 2014). Studying the impacts of past climate change 
on ecosystems helps to predict the impact of future climate change. In this thesis, the 
climate change since the LGM is investigated as a factor shaping plant species 
distribution in New Zealand. 
 
Fig. 1.3 The global annual temperature at the LGM (c. 22,000 years ago; Hijmans et al., 2005). 
 
Spatial patterns of climatic conditions  
The distribution of suitable environmental conditions is an important driver for shaping 
distribution of species and ecosystems (Peterson, 2011). In order to assess the impacts of 
environmental change on ecosystems, environmental niche models, which relate patterns 
of environment and species, have been applied for a range of species (e.g., plants, insects, 
aquatic species, aviaries and primates) at various scales (e.g., local, regional and global 
scales). However, the environmental niche models cannot be applied to the species with 
incomplete distribution data and unknown environmental response functions. As the 





location-based metrics have been rapidly developed. For example, climate change 
velocity (Loarie et al., 2009) and analogous climate (Williams and Jackson, 2007) 
provide the first assessment of environmental change (Garcia et al., 2014). 
 
1.3. Species distributions  
Species distribution and species niche 
“Niche” is the central concept in ecology which enables us to quantify the relationships 
between patterns of ecological phenomena and environmental conditions. Understanding 
niche helps to explain various ecological phenomena; for example, past diversification 
and extinction rates (Jansson and Dynesius, 2002), current biodiversity patterns (Kreft 
and Jetz, 2007), and future responses of biota to changing environmental conditions 
(Engler et al., 2011, Thomas et al., 2004, Thuiller et al., 2005). Species niche is often 
studied to understand the relationships between species distribution and environmental 
conditions, because species niche is a reflection of its geographic distribution 
(Hutchinson, 1957). Therefore, environmental niche modelling is the most common 
method to relate the spatial patterns of species response to environments. The definition 
of ‘niche’ that is the most often used in environmental niche models is the set of 
combinations of non-interactive environmental variables for which the population growth 
rate of a species would be positive (Soberon and Nakamura, 2009).  
What determines species niches; biotic vs. abiotic drivers? 
An understanding of factors determining species distribution and their relative impact will 
allow us to understand and model species distributions better (Araújo and Guisan, 2006, 
Araújo and Luoto, 2007). Since the LGM, species distributions have changed due to 
environmental, ecological and evolutional changes, (e.g., climate change, land cover 
change, species composition change in community and species diversifications). These 
factors determining species distributions can be classified into two types; biotic and 
abiotic factors.  
Abiotic factors are defined as all the factors which are not directly induced by activities of 
organisms, (e.g., climate conditions, topography and soils). Climate conditions are 
prevailingly believed to be the key limiting factor of plant species distributions. 





conditions as predictors (e.g., Guisan and Zimmermann, 2000, Parmesan, 2006, Thuiller 
et al., 2008). Among numbers of climatic variables, temperature and precipitation can be 
the most important factors determining plant distribution, because they have strong 
influences on their growth.  
On the other hand, biotic factors are defined as factors directly induced by activities of 
organisms, (e.g., competitions and predator-prey relationships). Some studies showed 
global patterns in biotic interactions, e.g., consistent increases in host specificity of 
herbivores on plants toward the equator (Dyer et al., 2007) and increasing predation 
pressure on insects toward the equator (Roslin et al., 2017). However, patterns of species 
niches in biotic interactions widely vary depending on ecosystems, locations and 
communities. Therefore, it is often harder to find the general effects of biotic factors on 
species distribution and niches than abiotic factors. Until recently, abiotic factors were 
believed to play the primary role in shaping species distributions and biodiversity at broad 
scales, (e.g., regional, continental, global scales), while biotic factors were believed to be 
the most important at finer scales, (e.g., site, local scales) (Benton, 2009, Pearson and 
Dawson, 2003, Wiens, 2011). However, including both biotic and abiotic factors was 
proved to lead to a more comprehensive understanding of the niche and more accurate 
prediction models (Gonzalez-Salazar et al., 2013, Lewis et al., 2017). Therefore, biotic 
factors can be important drivers of species distributions at any scale. 
Changes predicted for the future global ecosystems  
A range of changes are predicted as the responses of ecosystems for future environmental 
change. The global biodiversity has been predicted to rapidly decrease in the future 
(Thuiller et al., 2005, Urban, 2015). Due to land cover change and climate change, 
habitats of organisms have been dramatically altered. Those changes caused disturbances 
in habitats and led to habitat loss and shifts in species distributions (Parmesan, 2006). Due 
to the future climate changes and the continuity of human activities, further changes in 
global ecosystems are predicted. As the impact of the future climate change for plants, the 
poleward shift of trees has been predicted. Because most climate models indicate that 
temperature changes will be least at the equator and increase as the poles are approached, 
forest trees are likely to shift to the poles following suitable temperature for their growth 
(VanDerWal et al., 2012). The altitudinal upward shift of treeline has been globally 





climate change (Holtmeier and Broll, 2007). These species distribution changes can alter 
species composition in communities. Because the species composition contributes to 
shaping species distribution through determining biotic interaction, (e.g., competition; 
Godsoe et al., 2015), the change in biotic interactions following to the initial species 
distribution change influences the species distribution again (Heikkinen et al., 2007).  
 
1.4. Species vs climate distribution modelling  
The distribution of suitable environmental conditions is an important driver of species 
distributions (Peterson, 2011). Quantifying the relationships between species and the 
environment has explained a range of ecological phenomena (e.g., Kreft and Jetz, 2007, 
Orme et al., 2006). However, for many species, it is difficult to assess the likely extent of 
current and future climatically suitable areas because their geographic distributions, and 
consequently their climatic niches, are not or only poorly known. Instead of quantifying 
species-environment relationships, we can assess the spatial properties of the 
environmental conditions of the location at which species are found. Indices quantifying 
spatial arrangement of climate conditions, for example, climate change velocity and 
indices of analogous climates, can be useful proxies of species distributions in the 
absence of species distribution data (Ackerly et al., 2010, Garcia et al., 2014). These 
metrics require arbitrary thresholds for identifying analogous climate and quantifying 
how rare or common climatic conditions are. Therefore, threshold-independent, continuous 
measure of the spatial arrangement of climate conditions has advantages over these 
existing indices and models using species distribution data. In this thesis, a new 
threshold-independent index of the spatial availability of climate conditions is introduced. 
 
1.5. Phylogeny and species distributions 
The factors that determine species distributions have been investigated by focusing on 
existing and measurable environments. However, the current species distributions and 
niches are not just the result of current environmental and ecological conditions, but the 
results of a combination of those conditions and evolutionary processes. Even if ecological 
filtering is absent, current species distribution is non-random, because evolutionary 
processes have caused changes in past environmental and ecological conditions (Donoghue, 





dynamics of ancestral species’ distributions influence current species distributions and 
species environmental niches (Fitzpatrick et al., 2009); and evolutionary changes, such as 
speciation and extinction, determine current conditions of biotic interaction by forming the 
current composition of species pools (Cornell and Harrison, 2014). Studying the interplay 
of phylogenetic relationships and species environmental niches can help better 
understanding of processes driving current species distributions. 
Non-random patterns in ecological phenomena due to evolutionary processes indicate 
phylogenetic niche conservatism. Although phylogenetic niche conservatism has been 
reported mostly in functional traits, theoretically it can be found in other ecological 
phenomena, (e.g., species climatic niche). Phylogenetic conservatism in climatic niche 
has been detected in animals, for example, amphibians (Bonetti and Wiens, 2014, Moen 
and Wiens, 2017), reptiles (Lin and Wiens, 2017) and primates (Duran and Pie, 2015). In 
this thesis, I investigate phylogenetic conservatism in climatic niches of plants. 
 
1.6. Thesis outline 
The aim of this thesis is to investigate how past natural climate change, recent 
anthropogenic land cover change and phylogenetic relationships have contributed to 
current distributions and climatic niches of taxa in New Zealand. These genera were 
selected, because they have differences in the geographical distributions among species 
and biological traits. Besides, most of them are native to New Zealand. This thesis is 
structured into six chapters, with Chapters 2, 3, 4 and 5 representing the four individual 
research projects. 
Chapter 1 provides a General Introduction to the main concepts underpinning this thesis. 
Chapter 2 assesses the importance of geographical features of species habitats, species 
climatic niches, and functional traits, for expansion into newly opened habitats due to the 
anthropogenic land cover change. This chapter aims to understand how land cover 
changes influence the shift of species distributions.   
Chapter 3 investigates the spatial availability of  current and past (LGM) climate 
conditions in New Zealand. This chapter introduces a new index for climate modelling to 
quantify and map for any location the prevalence of its climatic conditions and discusses 





understand the importance of spatial availability of climate conditions and climate change 
for current species distributions and niches. The relative importance of the spatial 
availability and other climate drivers for shaping species distributions are assessed.  
Chapter 5 investigates the influence of historical drivers on the current climatic niche of 
plant species, to understand the contribution of the past climate change in shaping current 
species distributions. For this aim, I investigate whether phylogenetic conservatism 
explains the variations in current species climatic niches; and the effects of long-term 
environmental stability on species climatic niche volume of open habitat plants in New 
Zealand.  
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Land cover change is a key component of anthropogenic global environmental change, 
contributing to changes in environmental conditions of habitats. Deforestation is globally 
the most widespread, anthropogenically driven land cover change leading to conversion 
from closed forest to open non-forest habitat. This study investigates the relative roles of 
geographical features of habitat, characteristics of species climatic niche, and species 
traits, in determining the species’ ability to take advantage of recently opened habitats. 
Current occurrence records of 18 herbaceous, predominantly open-habitat species of the 
genus Acaena (Rosaceae) were used to determine their prevalence in recently opened 
habitat. Geographic features of open habitat distribution, characteristics of species 
climatic niche and species traits related to dispersal were tested for correlation with 
species prevalence in recently opened habitat. While primary open habitat (naturally 
open) was characterised by cold climates, secondary open habitat (naturally closed, but 
anthropogenically opened) is characterised by warmer and wetter conditions. I found high 
levels of variation in the species prevalence in secondary open habitat, indicating 
differences in species ability to colonise newly opened habitat. For the species 
investigated here, geographical features of habitat and climatic factors showed stronger 
correlation with species prevalence in secondary open habitat than species traits did. 
Therefore, for small herbaceous species, geographical features of habitat and 
environmental factors appear to be more important than species functional traits for 
facilitating expansion into secondary open habitats. This study has shown the relative 







The global land surface has been substantially modified by human activity. In the last two 
decades alone, c. one-tenth (3.3 million square km) of global wilderness areas was lost 
(Watson et al., 2016). As the original (or natural) vegetation and physical properties of an 
area are modified, the available habitat to species and the environmental conditions will 
change and influence which species and ecosystems are found in that area (Guo et al., 
2018). This, in turn, will alter the biodiversity and functional composition of ecosystems 
(Barlow et al., 2007, Gibson et al., 2011, Newbold et al., 2016). Deforestation is a typical 
example of anthropogenic land cover change and, at the most basic level, results in a 
change from closed forest habitat to more open habitat, i.e., non-forest habitat, usually 
scrubland or grassland. Deforestation occurred in many parts of the world following 
human settlement (e.g., North America (Keeley, 2002), Europe (Kaplan et al., 2009) and 
New Zealand (Ewers et al., 2006)) and is ongoing; 2.3 million square kilometres forest 
was lost globally between 2000 and 2012 (Hansen et al., 2013). Species distributions are 
strongly dependent on the environmental conditions that make up habitat, and therefore, 
species are susceptible to land cover change (Ewers et al., 2013, Foster et al., 2003, 
Thuiller et al., 2014). Understanding how species respond to such structural habitat 
change is important for predicting how ongoing anthropogenic land cover change may 
influence future species assemblages. Here, the relative contribution of landscape 
structure, species climatic niches and species functional traits to plant species’ expansion 
into recently opened habitats is investigated.  
The effects of land cover change history on plant distributions have been widely studied 
(Brown et al., 2015, Foley et al., 2005, Mosher et al., 2009). For example, a primary 
forest in tropical zones showed marked differences in community structure and 
composition compared to anthropogenically created secondary and plantation forests 
(Barlow et al., 2007). Although spatially and temporally explicit data on land cover 
change since human settlement are not generally available, New Zealand offers good 
records of land cover change history since the first human settlement, because human 
settlement occurred much later (c. 800 years ago) than in other regions of the world. Here, 
I distinguish between habitats that have been available for organisms continuously from 
before and through to after anthropogenic activities (primary habitats), and those that 
became available only after anthropogenic activities (secondary habitats). The expansion 





for open habitat species to expand their range across these recently deforested areas. A 
species’ realised niche is a reflection of its geographic distribution (Hutchinson, 1957). 
As new habitat with suitable environmental conditions becomes available, a species may 
or may not disperse into these new areas following competitive release; and it can do so 
with or without changing its realised niche. 
With the aim to understand how land cover changes influence the shift of species 
distributions, this study investigates the geographical distributions and realised climatic 
niches of 18 herbaceous species in relation to their occurrences in primary and secondary 
open habitat in New Zealand. This study assesses the relative prevalence of the species in 
these habitats and determine the importance of three sets of factors – geographic 
landscape features, the species’ climatic niches and the species’ dispersal traits for 
expansion into the secondary open habitats. Specifically, the following three questions are 
addressed; 
1) What are the spatial and climatic characteristics of primary and secondary open 
habitats in New Zealand? 
2) What are the current distributions of the species in primary vs. secondary open habitat?  
3) What is the relative importance of geographic landscape features, the species’ climatic 





2.2. Material and Methods 
2.2.1. Study Species 
Occurrence records - Occurrence records and trait data for 18 of 21 species of the genus 
Acaena occurring in New Zealand were used in this study (Table A1). Three of the 21 
species were not used in this study because of the small number of occurrence records (< 
5). The genus Acaena is a characteristic herbaceous element of open habitats in New 
Zealand with a wide geographical and environmental range (Lee et al., 2001). The genus 
is confined mostly to the southern hemisphere and comprises approximately 50 species 
(Bitter, 1910, Grondona, 1964). Indigenous New Zealand species of Acaena are prostrate 
and long-lived perennials, representing two main divisions based on contrasting dispersal 
features; the presence/absence of barbed spines on their fruits (Lee et al., 2001). Of the 18 
species selected, 17 species are native to New Zealand and one species (A. agnipila) is 
introduced from Australia and naturalised (Webb et al., 1988). Occurrence records of 
these species were compiled from personal observation, surveys and reports (List A1) and 
location information from online databases; New Zealand Virtual Herbarium 
(http://www.virtualherbarium.org.nz) and New Zealand National Vegetation Survey 
(https://nvs.landcareresearch.co.nz).  
 
2.2.2. Pre-human and current land cover data 
New Zealand’s pre-human land cover was derived from modelled spatial data of potential 
suitability of New Zealand’s key forest tree species at 100 m grid resolution from 
https://lris.scinfo.org.nz/layer/48279-new-zealand-potential-vegetation-grid-version 
(Leathwick et al., 2004). Current land cover was derived from the latest version of the 
New Zealand land cover polygon data, ‘LCDB4.1’, from 
https://lris.scinfo.org.nz/layer/48423-lcdb-v41-land-cover-database-version-41-mainland-
new-zealand/ (Landcare Research Informatics team, 2015). The pre-human and current 
land cover and a digital elevation model for the area (Columbus, 2011) were converted to 
rasters at 1 km grid resolution using the majority rule in ArcGIS 10.2 (Environmental 
Systems Research Institute, 2013).  
In these land cover datasets, land cover classes were amalgamated so that each 1 km grid 





1) Native forest: Grid cells with any type of indigenous forest. 
2) Non-forest: Grid cells with non-forest, open land cover classes, which are potentially 
suitable for Acaena species, e.g., grasslands, shrublands and gravel areas. These non-
forest grid cells are here referred to as open habitat. 
3) Others: Grid cells with land cover classes that are typically not potential habitats for 
Acaena species, e.g., urban area and waterbodies. 
For a full list of class conversions from land cover classes of LCDB4.1 into the above 
three land cover types, see Table A2.  
Each 1 km grid cell was assigned one of the following three categories to quantify the 
change from forest to open habitat: 
I) Primary open habitat: Grid cells that continuously had open habitat, i.e., are classified 
as non-forest land cover in both the modelled estimate of pre-human land cover and in the 
observed assessment of current land cover. 
II) Secondary open habitat: Grid cells that only had open habitat since human arrival, i.e., 
had forest land cover in pre-human times and currently have non-forest land cover. 
III) Others: Grid cells that are neither primary nor secondary open habitat. 
Hereafter, species occurrence records in primary/secondary open area are referred to as 
“primary/secondary open occurrence records”. 
The principle metric of interest is species’ relative prevalence in secondary open habitat. 
The metric was calculated as the percentage of a target species’ occurrences in secondary 





where 𝑃𝑆𝑜𝑝𝑒𝑛 is the percentage of species occurrences in secondary open habitat, 𝑁𝑆𝑜 is 
the number of occurrence records in secondary open areas and 𝑁𝑃𝑜 is the number of 
occurrence records in primary open areas. Values range from 0% to 100% with high 
values indicating that the species has a proportionally high prevalence in secondary 
compared to primary open habitat, which I interpret as high capacity of the species to 






2.2.3. Current climatic conditions and Acaena species climatic niches 
To quantify climatic conditions available in New Zealand and species climatic niches, 
gridded average climate data of the current times (1960 - 1990) were retrieved from 
http://www.worldclim.org/current (Hijmans et al., 2005) for four climate variables: 
annual mean temperature, minimum temperature of coldest month, annual precipitation 
and precipitation seasonality. These variables are not strongly correlated with each other.  
The low variance inflation factor (VIF) showed low correlation among the four variables 
(Fox and Monette, 1992). Environmental analyses were limited to climatic factors, as 
temperature and precipitation are likely to be primary driving factors of Acaena species 
distributions at this national spatial scale (Pearson and Dawson, 2003). In order to capture 
the multi-dimensional climate space, an ordination, Principal Component Analysis (PCA; 
Venables and Ripley, 2002), was performed on the four climate variables using the 
package “stats” in R (R Core Team, 2016). The first two ordination axes explained 61.6% 
and 24.0% of the variation in the climate data respectively and were here used to 
delineate New Zealand climate space and the Acaena species’ climatic niches. Hereafter, 
the first ordination axis is referred to as the “temperature axis”, because it is strongly 
correlated with temperature variables and the second axis is referred to as “precipitation 
axis”. High values on the temperature axis indicate a cold environment, while high values 
on the precipitation axis indicate a dry environment.  
 
2.2.4. Correlates of species prevalence in secondary open habitat 
I investigated the relative importance of the species’ geographical features of habitat, 
climatic niche and functional traits for facilitating species to move into new open habitat 
as it became available following human settlement. I tested the relationship between 
species’ relative prevalence in secondary open habitat (response variable) that was 
defined above, and eight indices (predictor variables; see below). Generalized linear 
models with a normal error function and an identity link were used to test the relationship. 
The deviances explained and the significances of the variables in the following three 
models were calculated to examine the relative importance of each variable: (i) a full 
model containing all variables, (ii) a model obtained from backward stepwise variable 
selection, and (iii) a model obtained from all-possible-subsets variable selection. All 





packages, “stats” and “MuMIn” (Barton, 2019). The following potential explanatory 
variables were tested: 
A) Geographical variables: 
1. Species’ current range size was calculated as the natural-log-transformed number 
of species occurrence records across all habitats. 
2. Species’ preference for open habitat was calculated as the proportion of 
occurrence records that are located in open habitat over occurrence records that 
are in native forests and open habitat. 
3. Availability of secondary open habitat: How much open habitat has become 
available in the neighbourhood of primary occurrences was quantified as the 
availability of secondary open habitat. It was calculated, for each species, as the 
total number of secondary open grid cells in all areas within a 10 × 10 km 
neighbourhood around the species’ occurrence records which were found in 
primary open habitat.  
4. Mean elevation of current range: To test whether species occurring at a higher 
elevation are more likely to take advantage of newly opened habitats, the mean 
elevation over all occurrence records was calculated.  
B) Climatic niche variables: 
5. Species climatic niche volume: Climatic niche volume was estimated as a proxy 
of climatic tolerance and was quantified as niche overlap on 2D space comprised 
of temperature and precipitation axes between each species and the New Zealand 
climate space. Niche volume was calculated using Schoener’s D index (Schoener, 
1970) with the R package, “ecospat” (Broennimann et al., 2012). Schoener’s D 
ranges from 0 to 1 with higher values indicating larger niche overlap.  
6. Niche overlap between primary and secondary open habitat was quantified as 
climatic niche overlap (Schoener’s D) between the climatic niches occupied by 
primary and secondary open occurrence records of each species. Higher values 
indicate higher similarity in climate conditions between occurrence records in 
primary and secondary open habitat. 
7. Medians of species temperature and precipitation niches: The medians of the 
temperature and precipitation axes over species occurrence records were 
calculated to analyse the individual effects of temperature and precipitation on 
species prevalence in secondary open habitats.  





8. Life form – dispersal type: Based on published information on the species’ 
ecology (Bitter, 1910, Webb et al., 1988), I selected two functional traits relevant 
for the species’ ability to shift its distribution: life form (stoloniferous; 
rhizomatous) and dispersal type based on two sections of the genus (Ancistrum – 
with barb-tipped spines on fruits; Microphyllae – without barb-tipped spines). 
Barb-tipped spines facilitate adhesion to animals, and therefore, should indicate 
higher dispersal ability. Life form and dispersal trait of species are closely linked, 
so each species was classified as either Stoloniferous-Ancistrum (11 species; good 









2.3.1. Pre-human and current distribution of open habitat  
Geographical distribution - Open habitat in the study region increased from 18.4% to 
63.4% of the total land area since human arrival in the 13th Century AD (Fig. 2.1a). 
Currently, 15.3% of New Zealand’s land area is primary open habitat, i.e., it was open 
habitat in pre-human times and is still open habitat currently. Approximately half (48.1%) 
of New Zealand’s current land area is secondary open habitat (Fig. 2.1b). The vast 
majority (91.0%) of primary open habitat and approximately half (46.7%) of secondary 
open habitat in New Zealand are located in the South Island. 
 
 
Fig. 2.1 Forest and open land cover in New Zealand since human settlement. (a) The maps show 
forest (green) and non-forest (brown), i.e., open land cover, that were modelled for pre-human 
times in the 13th century (Leathwick et al., 2004) and observed for current times in 2012 
(Landcare Research Informatics team, 2015). (b) A map of primary and secondary open areas. 
Primary open areas (blue) indicate areas that were forest-free prior to human settlement, and 
are still open today; secondary open areas (red) are areas that were forested prior to human 
settlement, but that are currently characterised by open habitat. In these figures, “Others” 
(white) indicates areas that are currently not open habitat, or are considered unsuitable for our 






Climate – The climate associated with open habitats (primary and secondary combined) 
in New Zealand generally has shifted from cold to warm conditions since the forest 
clearances following human settlement (Fig. 2.2; note that the temperature axis is 
negatively correlated with Mean Annual Temperature and Minimum Temperature of 
Coldest month). There was no clear directional change along the precipitation axis, 
however, there is now more open habitat available in wet areas than there was in pre-
human times (Figs. 2.2, 2.3a). Open habitat is currently most abundant in warmer and 
wetter environments compared to pre-human times when it was most abundant in colder 
environments (Fig. 2.2). More forests were cleared in warmer than in colder 
environments (Fig. 2.2). Consequently, primary open habitat is most abundant in colder 
and wetter areas but absent from hotter regions, whereas secondary open habitat is most 
abundant in warmer and wetter regions but absent from the coldest areas (Fig. 2.3a). 
 
 
Fig. 2.2 Climate conditions of forest and non-forest areas in New Zealand before and after 
human settlement. Climate conditions of forest (green dots) and non-forest, i.e., open habitat 
(brown dots) are shown on the first two axes of a Principal Component Analysis of four climate 





The total climate space of New Zealand is shown in dark grey. Schoener’s D values indicate the 
overlap in climate conditions between forest and non-forest areas (0 = no overlap; 1 = full 
overlap). Each point represents a 1 km grid cell within New Zealand. 
 
 
Fig. 2.3 Climate conditions of primary and secondary open habitat and niches of Acaena species 
in primary and secondary open habitat. (a) Climate space of primary (blue) and secondary (red) 
open habitat. Schoener’s D values indicate the overlap in climate conditions between primary 
and secondary open habitat (0 = no overlap; 1 = full overlap). (b) Currently occupied climatic 
niche of Acaena species in primary and secondary open habitat. Schoener’s D values indicate the 
climatic overlap between species’ occurrence records in primary and secondary open areas: “N” 
is the total number of 1 km grid cells with Acaena occurrence records. These figures are drawn 
on the 2D space that are made of the first two axes of an ordination using four climate variables 






2.3.2. Acaena distributions in primary vs secondary open habitat  
There were 9944 occurrence records of the 18 Acaena species ranging from 9 to 3892 per 
species (see Figs. A4, A5 for each species’ distribution and climatic niche). Species of 
Acaena are typically open-habitat species, which was reflected in 68.4% of all occurrence 
records of the studied species being found in currently open habitat (Fig. 2.3b) and 15 of 
18 species having more occurrence records in open than in closed habitat (Fig. 2.4). Of all 
occurrence records in open habitats, 46.9% were located in primary open habitat and 53.0% 
were found in secondary open habitat, indicating that Acaena occurrences in open habitat 
are approximately equally distributed in primary and secondary open habitats. For any 
species excluding A. minor with no occurrence records in primary open habitat, the 
percentage of occurrence records in secondary open habitat ranged from 13% (A. tesca) to 
92% (A. juvenca) with an average of 56%; eight of the 18 studied species had more 
occurrence records in secondary than in primary open habitat. For the studied species, the 
average climate niche overlap between primary and secondary open habitats was low at 
0.22, indicating the climates of primary and secondary open habitats occupied by the 
species were generally not very similar. 
 
 
Fig. 2.4 Proportion of Acaena species occurrence records in open habitat (light grey) and forests 
(dark grey). Lower proportions of occurrence records in forests than 0.5 indicate that the species 





the proportions of open habitat. Black dots indicate species’ relative prevalence in secondary 
open habitat. See Table A1 for species name codes. 
 
2.3.3. Correlates of species prevalence in secondary open habitat 
I investigated a range of potential explanatory variables for species prevalence in secondary 
open habitat. The full model containing all variables explained 77.5% of the residual 
deviance of the null model. The best model chosen by backward stepwise selection 
explained 75.6% of the deviance, while the best model chosen by all-possible–subsets 
variable selection explained 73.4%. There was a significant negative correlation of 
elevation with species prevalence in secondary open habitat in the best model by backward 
stepwise selection, indicating that species occurring at higher elevation show smaller 
prevalence in secondary open habitats than species found at lower elevation. Species 
temperature niche was not retained in the best model by backward stepwise selection, but 
in the best model by all-possible–subsets variable selection, because species temperature 
niche is correlated with the mean elevation over species occurrences. Thus, species 
occurring at higher elevation generally occupy colder environments and obtain secondary 
open habitats relatively less than other species. In the best model by all-possible–subsets 
variable selection, species range size showed significant negative correlation with species 
prevalence in secondary open habitat, which indicates that smaller ranged species obtain 
secondary open habitats relatively more than others. 
Geography - Current range size across all habitats showed no correlation with the 
proportion of secondary open habitat in the full model (p = 0. 28; Fig. 2.5a; Table 2.1). 
On average over the studied 18 Acaena species, availability of secondary open habitat 
was 6.6% of all secondary open area with the maximum of 35% and the minimum of 
0.12%. In the full model, the availability of secondary open habitat showed no correlation 
with proportions of secondary open habitat which species currently occupy (p = 0.43: Fig. 
2.5b). Preference for open habitat, the proportion of occurrence records in open habitats 
to forests and open habitats, ranged from 0.20 to 1 with an average of 0.77. Species 
preference for open habitats did not show a significant correlation with the proportion of 
secondary open habitat currently occupied (p = 0.39; Fig. 2.5c). The temperature niche of 
strictly open habitat species, > 95% of their occurrences were found in open habitats, 





occur in a colder environment than the species common in forest. Over the studied 18 
species, the average elevation over species occurrence records was 741 m with the 
maximum of 1220 m and the minimum of 38 m. Mean elevation of the species occurrence 
records was unrelated to the proportions of secondary open habitat in the full model (p = 
0.43; Fig. 2.5d). Mean elevations of species with a high preference for open habitats (> 
0.75) were generally high (on average; 902 m), indicating that species occurring at high 
elevation generally were more likely to occur in open habitats than closed forests. 
Climate – Features of species climatic niche did not show significant influence on species 
habitat expansion into newly opened habitat in the full model. Species climatic niche 
volume across all habitats ranged from 0.05 to 0.40 with the mean of 0.21; and it was not 
significantly correlated with species prevalence in secondary open habitat (p = 0.25; Fig. 
2.5e). Species niche overlap between primary and secondary open habitats ranged from 0 
(A. microphylla var. microphylla, A. saccaticupula and A. tesca) to 0.58 (A. novae 
zelandiae); and it was not significantly related to the proportion of secondary open habitat 
occupied (p = 0.91; Fig. 2.5f). Compared to primary open habitat, Acaena distributions in 
secondary open habitat covered a wider range of climatic conditions and showed a shift 
into warmer climates (Fig. 2.3b). However, in the full model, there was no significant 
relationship between the species’ niche medians on the temperature nor precipitation axes 
and the proportion of secondary open habitats currently occupied by the species (Median 
of temperature axis; p = 0.68; Fig. 2.5g, Median of precipitation axis; p = 0.40; Fig. 2.5h). 
Species functional traits – There was no significant difference between the three functional 
types in the prevalence of secondary open habitat (ANOVA, F-test; p = 0.445). However, 
there was a trend for the stoloniferous, barb-spined species to have higher average 
prevalence in secondary open habitat – (62.6%) than the rhizomatous, non-barbed (46.2%) 







Fig. 2.5 Prevalence of secondary open habitat for Acaena species in New Zealand and its 
relationship with geographic features of habitats, species climatic niche and species traits. Each 
of the figures show the relationships of Acaena species’ prevalence in secondary open habitat 
with (a) species current range size, (b) availability of secondary open habitat adjacent to current 
Acaena species distribution, (c) preference for open habitat, (d) mean elevation of current 
range, (e) species’ niche volume across all habitats, (f) niche overlap between primary and 
secondary open habitat occupied by a species, and medians of (g) temperature and (h) 






Table 2.1 Generalized Linear Models of the relationship between prevalence for secondary open 
habitat and nine potential explanatory variables (factors). Results are shown for (a) full model 
containing all explanatory variables, (b) model after backwards stepwise variable selection and 
(c) model after all-possible–subsets variable selection. ΔD indicates deviance reduction 
compared to the null model. The functional trait group is comprised of three categories (see 
Methods) with the Stoloniferous-Ancistrum category being used as baseline factor in the GLM. 
The following symbols indicate significance of the variable; * indicates p-values < 0.05; ** < 0.01; 
*** < 0.01. 
 
(a) Full model (ΔD = 77.5%) 
Groups of 
factors 
Factors tested  Coefficients SE p-values 
 Intercept  0.85 0.39 0.06 
Geography Species’ current range size -0.48 0.41 0.28 
 Preference for open habitat 0.83 0.90 0.39 
 Availability of secondary open 
habitat 
1.84 2.20 0.43 
 Mean elevation of current 
range 
-4.2 x 10-4 <0.01 0.43 
Climatic niche Species’ niche volume 1.93 1.55 0.25 
 Niche overlap between 
primary and secondary open 
habitat occupied by a species 
-4.6 x 10-3 0.39 0.91 
 Median of temperature niche -5.7 x 10-2 0.13 0.68 
 Median of precipitation niche 0.23 0.25 0.39 
Functional 
trait 
Rhizomatous-Microphyllae -0.05 0.12 0.70 










(b) Model after backward stepwise variable selection (ΔD = 75.6%) 
Groups of 
factors 
Factors tested  Coefficients SE p-values 
 Intercept  0.81 0.31 0.02 
Geography Species’ current range size -0.41 0.25 0.13 
 Preference for open habitat 0.86 0.60 0.18 
 Availability of secondary open 
habitat 
1.55 1.36 0.28 
 Mean elevation of current 
range 
-6.0 x 10-4 <0.01 0.01 * 
Climatic niche Species’ niche volume 1.71 0.93 0.09 
 Median of precipitation niche 0.30 0.17 0.10 
 
 
(c) Model after all-possible–subsets variable selection (ΔD = 73.4%) 
Groups of 
factors 
Factors tested  Coefficients SE p-values 
 Intercept  1.10 0.17 < 0.001 
*** 
Geography Species’ current range size -0.44 0.14 < 0.01 ** 
 Availability of secondary open 
habitat 
1.36 0.81 0.11 
Climatic niche Species’ niche volume 1.95 0.73 0.02 * 








I investigated the climate conditions of pre-human and current open habitat and the 
prevalence of species from an open-habitat genus (Acaena) in secondary, i.e., recently 
opened habitat. I quantified the relative importance of three sets of factors – geographic 
landscape features, species’ climatic niches and the species’ dispersal traits for the ability 
of species to utilise secondary open habitat. Our main findings are; 1) open habitat was 
absent from warmer regions across New Zealand in pre-human times but it is available in 
these climates now; 2) open habitat is now available to a much larger extent in wetter 
regions than it was in pre-human times; 3) Secondary open habitat is generally located in 
warmer regions than primary open habitat; 4) Geographical features of species habitat and 
climatic niche factors showed stronger relationships with the species’ prevalence in 
secondary open habitat than functional traits associated with dispersal. 
 
2.4.1. Pre-human and current distribution of open  
Since the first human settlement, c. 60% of the original, pre-human forest habitat in New 
Zealand was transformed to open habitat (McWethy et al., 2014). Our results show that 
most of secondary open habitats are located in more low-lying, warmer and wetter areas, 
compared to the likely locations with pre-human open habitats. The modelled distribution 
of pre-human open habitats indicates that these were restricted to relatively small areas, 
mostly in colder alpine areas above the natural tree line, in wetlands and riverbeds, in 
frosted valley floors or in dry low-lying inland areas, which generally have cold 
environments (Perry et al., 2014). Low-altitude regions with warm climate were 
especially vulnerable to fire and are often best suited and easily accessed for agricultural 
conversions in New Zealand (Ewers et al., 2006) and elsewhere, for example, tropical 
forest (Curran et al., 2004, Lawton et al., 2001) and Latin America (Dirzo and Garcia, 
1992). 
2.4.2. Factors driving species prevalence in secondary open habitat 
1. Geography 
Current range size across all habitats - Current range size of Acaena species did not 
show significant correlation with the proportion of secondary open habitat occupied. 





(Pearson et al., 2014). The factors controlling the current range limit of Acaena in 
secondary open habitat are likely different from those in pre-human open habitats. It is 
likely that pre-human open-habitats reflected very limited climate space, as they were 
restricted to alpine area where trees did not naturally occur (Perry et al., 2014). Therefore, 
climates of pre-human open habitat could have been insufficient for some species to 
realize their potential climatic niche fully, indicating that competition with forest trees 
was the main driver of open-habitat plant distributions in pre-human times. However, 
current drivers of species distributions appear to vary depending on species, because the 
environments in secondary open habitats have broadened due to anthropogenic forest 
clearances. Therefore, currently available climate conditions allow open-habitat plants to 
obtain more of their potential climatic niche than those which they occupied before the 
forest clearance. 
Availability of secondary open habitat - When new habitat becomes available in a region, 
species that are located in areas where a lot of new habitat is available will have an 
advantage for colonising these new habitats over species that are located in areas without 
much new habitat (Holbrook et al., 2000). For example, the positive influence of 
historical habitat availability on grassland species richness was found in Estonian islands 
(Gazol et al., 2012). Wood cricket populations in the UK were mainly found in woodland 
fragments situated closely to another occupied site (Brouwers and Newton, 2009). 
However, the positive influence of habitat availability on species re-distribution was not 
strongly supported by our study: the availability of secondary open habitat was unrelated 
to the proportion of secondary open habitat occupied by the species (Fig. 2.5b). Our 
method to quantify the availability of secondary open habitat did not consider possible 
dispersal distance (1 – 1500 m from parent plants (Corlett and Westcott, 2013)) and 
geographical barriers, e.g., high mountains and glaciers. Glaciers have the potential to act 
as barriers for habitat expansion of arctic-alpine plants from the Last Glacial Maximum to 
date (Eidesen et al., 2013).  
Habitat characteristics - Characteristics of current habitats can explain species prevalence 
in specific habitats. Although Acaena species are generally open-habitat species, some 
species can occur within forests and in edge habitats between forests and open habitat 
(e.g., A. anserinifolia) (Lee et al., 2001). In terms of their current distribution, species 
with a high preference for open habitats seem to be restricted to more open habitats (e.g., 
grasslands), while species with a low preference for open habitats tend to frequently occur 





considered open habitats in our study, however, they have different levels of openness. 
Shade tolerance should explain the preference for open habitat. Species with higher shade 
tolerance would survive in less open habitat.  
The negative relationship between means of elevation of current range and proportions of 
secondary open habitat indicated that species occurring mainly at higher elevations 
occupy smaller areas of secondary open habitat (Table 2.1). This appears to represent 
specialisation to colder conditions, and therefore, indicates more restrictions on the 
species expansion into secondary open habitats. For instance, species whose primary 
habitat was restricted to the alpine/montane area and/or colder regions showed very small 
proportions of secondary open habitat (e.g., A. saccaticupula and A. tesca).  
 
2. Environmental space 
Species with larger climatic niche volumes did not have significantly greater occupancy 
in secondary open habitats (Table 2.1). This result does not support the notion that niche 
breadths predict geographical range size (Slatyer et al., 2013). However, temperature 
niches of Acaena species were generally a better predictor of species geographical range 
expansion than precipitation. Species that mostly occur in cold primary open area (> 0 of 
temperature axis) tend to occupy a small proportion of secondary open habitat (e.g., A. 
saccaticupula and A. tesca). Deforestation in New Zealand expanded substantial open 
habitats in warmer climates, however, had small impacts on extending the availability of 
these habitats across rainfall gradients. 
 
3. Species functional traits 
Functional traits associated with regeneration and dispersal are critical for establishing 
populations in new habitats (Corlett and Westcott, 2013). Barb-spined Acaena species 
(species in Ancistrum section) have higher adherence to animals than barb-less species 
(Carlquist and Pauly, 1985, Shmida and Ellner, 1983) and generally showed broad 
geographical ranges and habitat distributions. However, life form and dispersal ability of 
Acaena did not show any relationships with species’ prevalence in secondary open 
habitat. The difference of dispersal ability tested in our study was just an improvement of 
an adhesive feature of seeds to animals, which does not change dispersal types. A strong 
relationship between distribution change and functional traits was demonstrated in diverse 
genera and various dispersal types (Laanisto et al., 2015), but not in a single genus. Our 





common and rare species and could be attributed to far greater dispersal efficiency 
following the human arrival with the introduction of many small mammals, stock, 
particularly sheep and cattle, and granivorous birds (Walker et al., 2014). The frequent 
occurrences of Acaena beside roads and tracks reported by Lloyd et al. (2002) indicate 
that human transport has established novel pathways for the spread of Acaena, as well as 
for alien species all over the world (Hulme, 2009).  
 
2.4.3. Mechanism of realized niche change 
Nine of the investigated species had higher abundance in secondary than in primary open 
habitat indicating that they have expanded their range into new open areas as they became 
available. But have these species also expanded their realised climatic niches? For four of 
the species (A. microphylla var. microphylla, A. minor, A. saccaticupula and A. tesca; 
Fig. 2.5f), there was no similarity in climate conditions between primary and secondary 
occurrence records (Schoener’s D = 0) indicating that these species moved into new 
climate conditions as the new open habitat became available. There are two possible 
mechanisms how this can happen; niche evolution and competitive release. The 
competitive release is a more realistic mechanism for the change in species prevalence in 
open habitat than the evolution of Acaena species’ climatic niche, because evolutionary 
processes of adaptions to new environments are likely to take longer than the time frame 
of 800 years considered in our study. Some species traits can change in a shorter period, 
for example, change of timing of phenological events as the reaction to climate change 
(Ibanez et al., 2010). However, evolutionary change of species traits (e.g., morphological 
change) generally requires more time. Therefore, the time since when Acaena species 
have obtained their new climatic niche (c. 800 years) appears too short for them to evolve 
their climatic niches. 
 
2.4.4. Conclusions 
This chapter aimed to understand how land cover changes influence the shift of species 
distributions. Land cover change is a key component of global environmental change 
driving the redistribution of species as a consequence of human activity. Change from 





providing new and more area suitable for open-habitat species. The habitats opened by 
recent anthropogenic activity are characterised by warmer climatic conditions than 
habitats that were naturally open. This reflects the globally ubiquitous pattern of high 
deforestation rates in areas more easily accessible and more suitable for agriculture. 
Anthropogenic activity has opened new parts of the available climate space for open-
habitat species. I found that overall geographical and environmental factors were more 
important than species functional traits for facilitating expansion into secondary habitats. 
Results suggested that land cover change might have triggered the shifts of factors 
controlling open-habitat plant distributions from the competition with forest trees to 
current environmental constraints. This study has shown the relative roles of factors 














Distribution of environmental conditions is the key driver of species distribution. 
Understanding the species distribution and the underlying environmental drivers is 
important for assessing the response of species to environmental change. Location-based 
and climate-only metrics require no data for biota, but can provide a first assessment of 
the spatial extent of environmental change. This study introduces the concept of an index, 
Spatial Availability Index (SAI); which quantifies, for any location, the spatial extent of 
environmental conditions analogous to those of the location. The index is based on 
gridded multivariate environmental data of a region. For each target location (grid cell), 
the proportion of cells in a user-defined neighbourhood area with environmental 
conditions analogous to the target grid cell was identified. In this study, the index was 
applied to New Zealand allowing us to map the distribution of locally and nationally rare 
(low spatial availability) or common climates (high spatial availability). Key locations in 
New Zealand with currently rare climates include the West Coast in the South Island and 
southeastern parts of the North Island; whereas regions with currently common climate 
conditions are located in low-lying areas on both islands. Locations in the central South 
Island have a current climate that is currently less widely available than it was at the Last 
Glacial Maximum (LGM); on the other hand, current climate conditions of the South 
Island’s west coast and large parts of the North Island are currently more widely available 
than at the LGM. Interestingly, this study showed high spatial overlap of areas with high 
climatic rarity (both under current and LGM climate conditions) and the main areas of the 
beech gap in New Zealand. This gives evidence for the climatic hypothesis explaining the 
absence of southern beech species from these areas. The proposed index, SAI, provides a 
novel way to quantify and map the availability of environmental conditions of a location. 
It is particularly useful for small-ranged species and communities that are limited to one 






Distribution of suitable environmental conditions is an important driver of species 
distribution (Peterson, 2011). Studying the relationships between species and the 
environment has helped explain a range of ecological phenomena. For example, past 
diversification and extinction rates (Jansson and Dynesius, 2002); current biodiversity 
patterns (Kreft and Jetz, 2007, Orme et al., 2006); and future responses of biota to 
changing environmental conditions (Engler et al., 2011, Thomas et al., 2004, Thuiller et 
al., 2005). However, modelling species distribution as responses of current environmental 
conditions may not be very effective. For most species and ecosystems, we do not have 
detailed understanding of the drivers of their distributions. Most species are rare (Gaston, 
1996) and occur in geographically restricted areas without a clear delineation of their 
geographic distribution by climatic gradients. For those species, it is difficult to fit 
environmental niche models that are commonly used to quantify functions of species 
response to environmental conditions. Furthermore, imperfect detection of species 
presence/absence can be common, which makes observed distributions of organisms 
biased (Chen et al., 2012), and species responses to “environmental conditions” at one 
time scale is not the only driver of species distribution, because species distribution is 
affected by how environmental conditions changed through time. Therefore, for many 
species, it is difficult to assess the likely extent of current and future climatically suitable 
areas.  
Indices quantifying spatial arrangement of climate conditions can be good proximation of 
species distribution. Instead of quantifying species-environment relationships, we can 
assess the spatial properties of the environmental conditions of the location at which 
species are found. In response to the above inherent uncertainties of modelling, an 
alternative approach to quantify the spatial response of species to changing climatic 
conditions has recently emerged (Ackerly et al., 2010, Garcia et al., 2014). The approach 
is a location-based metric which is calculated by only environmental conditions; for 
example, climate change velocity and indices of analogous climates. These metrics are 
often applied to predict species response under future climate change (e.g., Burrows et al., 
2011, Burrows et al., 2014, Loarie et al., 2009). These location-based metrics are 
generally calculated as the distance between a location and the nearest location with 
analogous climate conditions (e.g., Dobrowski and Parks, 2016). They require arbitrary 





climatic conditions are. Arbitrary thresholds should be avoided, because thresholds are the 
strongest determinant for the indices quantifying climate differences. Threshold-
independent, continuous measure of the spatial arrangement of climate conditions has 
advantage against these existing indices and models using species distribution data. Here, 
a threshold-independent, continuous measure of the spatial availability of climate 
conditions is presented in this chapter. The index of the spatial availability quantifies, for 
any target location (grid cell), how much areas with climate conditions analogous to those 
at the target location are available in the neighbourhood.  
 
The aims of this chapter are to introduce a new index quantifying the spatial availability 
of climate conditions and to assess the spatial availability of climate conditions across 
New Zealand for current and past (Last Glacial Maximum; c. 22,000 years ago) climate 
conditions. To this end, the following objectives were set:  
1) To develop an index to quantify and map, for any location across New Zealand, the 
availability of its current climatic conditions. 
2) To investigate geographic factors influencing the index. 
3) To quantify and map, for any location across New Zealand, the availability of its 
climatic conditions at the Last Glacial Maximum (LGM) and the change in availability 
since then. 
3) To compare the index developed here with several existing indices for quantifying and 






3.2. Material and Methods 
The Spatial Availability Index (SAI) of environmental conditions can be calculated for 
any multivariate set of continuous and categorical environmental variables on a spatial 
grid. In this chapter, eight types of SAI are calculated using different sets of arguments 
(Table 3.1). This chapter shows factors influencing patterns of SAI by comparing these 
SAI. First, the calculation of SAI is demonstrated.  
 
Table 3.1 A list of indices calculated in Chapter 3: Spatial Availability Index (SAI) and three other 
common indices for spatial similarity. If not stated, the indices are calculated using the following 
four climate variables; annual mean temperature, minimum temperature of coldest month, 
annual precipitation and precipitation seasonality, and they are calculated within current land 
areas of New Zealand. 
Name of the index Abbreviation  Explanation 
SAI of current climate under the 
current conditions 
SAIcc This index indicates spatial 
availability of the current climate 
condition of a location under 
current conditions. 
SAI of current climate at the LGM SAIcl This index indicates spatial 
availability of the current climate 
condition of a location at the LGM. 
SAI of LGM climate at the LGM SAIll This index was calculated for any 
locations within land areas of 
Zealandia at the LGM. 
Difference between SAIcc and SAIcl SAIcc-cl This index indicates how spatial 
availability of the current climate 
condition of the location changed 
since the LGM. 
SAI within a (20, 50, 100) km 
neighbourhood area 
 This index was calculated to 
examine how neighbourhood size 
to search analogous climate 
influences values and patterns of 
SAI. 
SAI calculated by removing outlying 
climate  
 This index was calculated to 
examine how outlying climate 
conditions influence values and 





SAI calculated using three climate 
variables, annual mean temperature, 
minimum temperature of coldest 
month and annual precipitation 
 This index was calculated to 
examine how patterns of climate 
variables influence patterns of SAI. 
SAI calculated using ordination 
values that are made of 19 or 4 
BIOCLIM variables 
 This index was calculated to 
examine how ordination of climate 
variables influences patterns of 
SAI. 
Euclidean similarity  This index is calculated as averaged 
straight-line distances between 
points in climate space. 
Mahalanobis similarity   This index represents the distance 




MESS This index represents how similar a 
point in space is to a reference set 
of point. 
 
3.2.1. Climate conditions 
The following four current climate variables were used, to calculate the Spatial Availability 
Index of climatic conditions in New Zealand; annual mean temperature, minimum 
temperature of coldest month, annual precipitation and precipitation seasonality. These 
climate variables were chosen from 19 BIOCLIM variables (Table A3), because they are 
not strongly correlated with each other and temperature and precipitation variables are 
believed to determine many of plant distributions. The low variance inflation factor (VIF)  
showed low correlation among the four variables (Fox and Monette, 1992). The BIOCLIM 
variables are commonly used in climatic niche models (e.g., Beaumont et al., 2005). 
Climatic conditions of the present-day and the Last Glacial Maximum (LGM; c. 22,000 
years ago) were derived from WORLDCLIM version 1.4 (Hijmans et al., 2005). The LGM 
climatic conditions were simulated with a global climate model, MIROC-ESM. These 
climate conditions were obtained at 2.5 arc minutes grid resolution and resampled to 5 km 
grid resolution using the majority rule in ArcGIS 10.2 (Environmental Systems Research 
Institute, 2013). The timing of the LGM in New Zealand has an uncertainty; c. 65,000 – 
13,000 years ago (Shulmeister et al., 2019). However, the 22,000-years-ago climate data 





North, South and Stewart Islands (Fig. A1) and the largest island of Zealandia at the LGM 
which covered the current terrestrial land area of New Zealand. A digital elevation model 
for the area (Columbus, 2011) was converted to 5 km grid resolution raster, to examine 
whether spatial availability has elevational trends. 
 
3.2.2. Calculating the Spatial Availability Index 
Here, the calculation of the Spatial Availability Index (SAI) for New Zealand is 
demonstrated. The index is calculated for each location (i.e., 5 km grid cell) within New 
Zealand, that is, no neighbourhood size was set to limit areas for the calculation (see 
below for the calculation of SAI within a limited neighbourhood).  
I use the above four climate variables to characterise the climatic conditions of each grid 
cell. The spatial availability index of a target grid cell i is a measure of how much area 
there is within the region with climatic conditions similar to those of the target grid.   
Let:  
 i  = target grid cell (I = 1,…,n) 
 j  = any grid cell within a given region around grid cell i (i.e., all grid cells 
within New Zealand but the target cell) 
 n  = total number of grid cells within the region 
 m = number of climate variables 
 Cvi  = value of climate variable v at grid cell i (v = 1,…,m) 
 
For each target grid cell i, I calculate: 
TotalClimateRangev  = range (max-min) of climate variable v within the region 
ClimateRangevk  = range of climate variable v at range breadth k  
   (k = 0%,…,100%) 
with k = proportion of range of climate variable v at a given number of climate 
range breadth steps s from 0% to 100% 
for example, for eleven climate range breadth steps: s = 11 (k = 0,10,20,...,100):   
ClimateRangev0  = (TotalClimateRangev / 100)  0 
ClimateRangev10  = (TotalClimateRangev / 100)  10 






ClimateRangev100  = (TotalClimateRangev / 100)  100 
I calculate this set of climate range breadth steps, to compute values that are independent 
of a given threshold to identify analogous climate conditions. For each grid cell j, I then 
determine whether the climate value of that grid cell j is within the climate range breadth 
k of grid cell i, for all climate variables v. If this is true, grid cell j is considered 
climatically analogous to grid cell i at that climate range breadth k of all variables. 
For range breadth k of all variables v, I calculate: 
 AnalogCellsk  = number of grid cells j where climate is within +/- of range 
breadth k of target grid cell i for all climate variables v  
   = ∑ ∑ = 1𝑚𝑣=1
𝑛
𝑗=1   if  Cvj < Cvi + ClimateRangevk  AND  
Cvj > Cvi - ClimateRangevk 
In the example, this gives us the number of grid cells with climate analogous to that of the 
target grid cell at any given climate range breadth within New Zealand. The calculation 
and distribution of the number of climatically analogous cells are illustrated in geographic 
space (Fig. 3.1a) and in climate space (Fig. 3.1b). I then calculate the proportion of cells 
which are climatically analogous to the target grid cell i as 
PropAnalogCellsk  = AnalogCellsk /n 
By definition, it follows that: 
PropAnalogCells0  = 0% (at climate range breadth = 0, no grid cell j is 
climatically analogous to grid cell i) 
PropAnalogCells100  = 100% (at climate range breadth = 100, all grid cells j are 
climatically analogous to grid cell i) 
Plotting the proportion of area with climate analogous to the target cell at a given climate 
range breadth k (PropAnalogCellsk) against the proportion of climate range breadth 
within the neighbourhood (k; 0% - 100%) results in an accumulation curve (Fig. 3.1c). 
The Spatial Availability Index for the target grid cell i is then calculated as the area under 
this curve. The curve was regressed by spline using “stats” package in R (R Core Team, 
2017). Then the area under the curve was transformed to a 0-1 range, by dividing the area 
under the curve by the number of non-zero climate range breadth steps (s). 
 Spatial Availability  = ∑  𝑃𝑟𝑜𝑝𝐴𝑛𝑎𝑙𝑜𝑔𝐶𝑒𝑙𝑙𝑠𝑘
10
𝑘=0 (𝑠 − 1)⁄  
The Spatial Availability Index ranges from 0 to 1. Lower values indicate low availability 





target grid cell is very different or rare compared to those in the region). Therefore, there 
is a lower possibility for the species occurring at the location to find climatically-suitable 
habitats within the region. Higher values indicate higher availability of cells with similar 
climate to the target grid cell within the region (i.e., the climate of the target grid cell is 
very similar or common compared to those in the region). The index is finally displayed 
as a map.  
The Spatial Availability Index of the LGM climate within Zealandia at the LGM was 
calculated in the same method. Hereafter, I call the Spatial Availability Index of the 







(a)                                                                      (b) 
 
 
Fig. 3.1 Distribution of climatic conditions analogous to those of the example grid cell (indicated 
by a star) within New Zealand. Analogous climate conditions are given for ten quantile climate 
range breadths k (see calculation of index) based on the range (max-min) of each of the four 
climate variables that are used to characterise the climate space. (a) The climate range breadth k 
at which a grid cell in New Zealand is climatically analogous to the example grid cell. Red colours 
indicate high climatic similarity to example grid cell; yellow colours indicate low climatic 
similarity to example grid cell. (b) The position of each grid cell in 2D climate space and climate 
range breadth k at which a grid cell in New Zealand becomes climatically analogous to the 
example grid cell (colours as in figure a). (c) Available climate accumulation curves of the grid cell 
showing increasing climatically-analogous area with increasing climate range breadth. The 
Spatial Availability Index is calculated from the area under this curve divided by the number of 
non-zero climate range breadth steps s (i.e., standardised to 0-1 range). Grid cells with lower 
values have distinct and rare climates; grid cells with higher values have common and 






3.2.3. Adjusting the Spatial Availability Index 
Even for the same set of grid cells, the Spatial Availability Index (SAI) can vary 
depending on the settings of the calculation. In this study, factors influencing the index 
are investigated by: 1) limiting a neighbourhood within which analogous climate 
conditions are searched; 2) removing outlying environmental conditions; and 3) choosing 
environmental variables. 
Calculating spatial availability within a limited neighbourhood area –The index within a 
(a = 20, 50 and 100) km neighbourhood, within which analogous climate conditions are 
searched, was calculated for all grid cells in New Zealand. The patterns of these indices 
show how the patterns of SAI change depending on the size of neighbourhood. The 
calculation procedure is the same as the above, except the procedure of searching 
climatically analogous cells; for the target grid cell i, climatically analogous cells were 
searched within the a km neighbourhood, (i.e., a square with a/2 km radius and its centre 
is the grid cell i). Total climate ranges of grid cells within the neighbourhood are; 
TotalClimateRangev  = range (max-min) of climate variable v within a km 
   neighbourhood  
If the neighbourhood of grid cell i overlaps with non-terrestrial areas (i.e., the sea), the 
proportion of climatically analogous cells within the neighbourhood of grid cell i is 
calculated as; 
PropAnalogCellsk  = AnalogCellsk /TerrestrialCellsk 
with TerrestrialCellsk  = the total number of terrestrial cells within the  
   neighbourhood  
Spatial patterns emerging from this index indicate to what degree the climate of a target 
grid cell is similar or distinct to that of grid cells in a given neighbourhood. 
The following four areas were mapped to examine areas that have very different/similar 
climatic availability between local and national neighbourhood sizes; (i) areas with 
locally rare and nationally common climates, i.e., areas with the lowest 25% of the index 
within 20 km and the highest 25% within all land area of New Zealand; (ii) areas with 
locally and nationally rare climates, , i.e., areas with the lowest 25% of the index within 
20 km and New Zealand; (iii) areas with locally and nationally common climates, i.e., 
areas with the highest 25% within 20 km and New Zealand; and (iv) areas with locally 
common and nationally rare climates, i.e., areas with the highest 25% of the index within 





Calculating spatial availability without outlying environmental conditions - Climate 
conditions in a region often contain outlying values. Therefore, spatial availability of 
climate conditions can strongly reflect the patterns of outliers. The index was calculated 
by replacing outlying climate conditions with user-defined limits of the range of climate 
conditions, to examine how outlying climate conditions influence patterns of the Spatial 
Availability Index. For grid cell i where climate condition is outlying, (i.e., the value of 
climate variable v of grid cell i is not present between pth (p = 1, 2.5 and 5) and (100 – p)th 
percentiles of the full range of the variable v), the value of climate variable v is replaced 
with either of the pth or (100 – p)th percentiles. If the value is > (100 – p)th percentile, it is 
replaced with the (100 – p)th percentile. On the other hand, if the value is < pth percentile, 
it is replaced with the pth percentile. All the other procedures of the index calculation are 
the same as the above. 
Choosing environmental variables - The index was calculated using the first four 
ordination axes which were based on four (i.e., annual mean temperature, minimum 
temperature of coldest month and annual precipitation) or 19 BIOCLIM variables (Table 
A3), to examine how variable choice influences the relative distributions of the spatial 
availability of climate conditions. The ordination, Principal Component Analysis (PCA; 
Venables and Ripley, 2002), was implemented using the package “stats” in R. Then, these 
indices were compared with the index calculated using the above four climate variables.  
 
3.2.4. Calculating spatial availability of current environmental conditions in the past 
The Spatial Availability Index of current climate conditions at the LGM (SAIcl) within 
New Zealand was calculated, to quantify the temporal difference in spatial availability of 
current climate conditions. In the calculation of SAIcl, for any target grid cell in New 
Zealand, cells with the analogous climate was searched from any cells in Zealandia. 
AnalogCellsk  = number of grid cells j where current climate is within +/- of the  
    LGM climate range breadth k of target grid cell i for all climate  
    variables v  
The set of climate range steps were obtained from the total climate ranges of the LGM 
climates. All the other procedures of the calculation are the same as the above.  
Lower values of the index, SAIcl, indicate low availability of cells with similar climate 





or rare compared to the LGM climate conditions); higher values indicate higher 
availability of cells with similar climate within the region at the LGM (i.e., current 
climate of the target grid cell is very similar or common compared to the LGM climate 
conditions). 
 
3.2.5. Change of spatial availability of climates through time 
The difference in spatial availability indices of current climatic conditions between the 
current time (SAIcc) and the LGM (SAIcl) was calculated to quantify the past climate 
change. It indicates the change of spatial availability of current climate since the LGM. 
Here, the difference between SAIcc and SAIcl is calculated as; 
 ΔSAIcc-cl =  SAIcc – SAIcl 
Negative values of ΔSAIcc-cl indicate that current climates in the areas were more common 
at the LGM than the current time; positive values indicate that current climates in the 
areas are more common in the current time than the LGM. The values close to 0 indicate 
small change in spatial availability of current climate of the grid cell since the LGM.  
 
3.2.6. Comparison of the Spatial Availability Index with other common indices 
The following three indices were calculated to compare Spatial Availability Index with 
existing indices which quantify the spatial similarity of multiple environmental variables; 
Euclidean similarity, Mahalanobis similarity and Multivariate Environmental Similarity 
Surface (MESS). These indices were calculated using three or four climate variables, 
(annual mean temperature, minimum temperature of coldest month, annual precipitation 
and precipitation seasonality, or these variables excluding precipitation seasonality), to 
investigate how geographical patterns of climate variables are reflected in these four 
indices.. 
1) Euclidean similarity: Using standardised climate data (mean = 0, stdev = 1), for each 
target grid cell i, the average multivariate Euclidean Distance to all other grid cells within 
New Zealand was calculated. Values were multiplied by -1 to get a similarity measure. 
2) Multivariate Environmental Similarity Surface (MESS): A MESS was calculated using 





low and the high values indicate high climatic similarity of target grid cell i and the other 
grid cells in New Zealand. 
3) Mahalanobis similarity: Using standardised climate data, the squared Mahalanobis 
distance in climate space from each target grid cell i to all other grid cells in New Zealand 
was calculated with the R function ‘mahalanobis()” in “stats” package. Values were 







3.3.1. Patterns of spatial availability of current climate conditions 
The Spatial Availability Index of current climate conditions under current climate showed 
elevational trends (Figs. 3.2 and 3.3a). Low values of the index in high-altitudinal areas 
and high values in low-lying areas indicate; low-lying areas across New Zealand have 
common and widespread climates, while high-altitudinal areas have rare climates. The 
lowest values of the index were found in the southeast corner of the North Island and in 
the central West Coast of the South Island. These regions are characterised by highest 
values of climate variables; the southeast coast of the North Island has the highest 
precipitation seasonality; and the central West Coast of the South Island has the highest 
annual precipitation in New Zealand (Fig. A3).  
 
Fig. 3.2 Spatial availability of current climate of a location under the current condition. Lower 
values indicate lower availability of cells with similar climate to the target grid cell within the 
region (i.e., the climate of the target grid cell is rare in the region); higher values indicate higher 
availability of cells with similar climate to the target grid cell within the region (i.e., the climate 
of the target grid cell is common in the region). The Spatial Availability Index was calculated 
using four climate variables; annual mean temperature, minimum temperature of coldest 







Fig. 3.3 Elevational trends in spatial availability of current climate under current conditions 
within four neighbourhood sizes. The spatial availability within all land areas of New Zealand (a) 
and 20 (b), 50 (c) and 100 (d) km neighbourhood areas were plotted against elevations and 
spline curves (blue lines) were fitted. 
 
3.3.2. How neighbourhood size influences the measure of spatial availability of climate 
The Spatial Availability Index of climate for different neighbourhood sizes indicated how 
similar climate conditions are located within New Zealand. The index within any 
neighbourhood size were correlated to each other. However, at many locations, the index 
within larger neighbourhood showed greater values (Fig. 3.4). Areas at high elevation in 
New Zealand (> 1500m) showed lower availability of climate conditions within 20 km 





0.60). This indicates that the climate at high elevation is not very rare compared to all 
areas across New Zealand, however, it is rare compared to areas within the small 
neighbourhood.  
Values and geographical patterns of the index changed as the neighbourhood size 
changed, indicating that the spatial availability of climate is sensitive for the 
neighbourhood size (Fig. 3.5). Areas with locally and nationally rare climate, i.e., areas 
with the lowest 25 % of SAI under a 20km neighbourhood and New Zealand, are mostly 
located at the West Coast in the South Island; while areas with locally and nationally 
common climate, i.e., areas with the highest 25 % of SAI are located at the southern areas 
of the South Island and inland of the North Island (Fig. 3.6). This indicates that, 
regardless of neighbourhood size, the West Coast in the South Island has rare climate, and 
climate conditions in the southern areas of the South Island and inland of the North Island 
are common. Locally rare but nationally common climate conditions were found across 
inland of the North Island in the southern areas of the South Island and high altitudinal 
areas (Fig. 3.6). On the other hand, locally common but nationally rare climate conditions 
were found in the areas with extreme climate conditions, (i.e., highest annual temperature, 
annual precipitation or precipitation seasonality in New Zealand). 
 
(a)                                                                                       (b) 
 
Fig. 3.4 Spatial availability of climatic conditions within four neighbourhood sizes. (a) Frequency 
of the Spatial Availability Index of the current climate under the current condition within four 





shown by boxplots. Points show grid cells with outlying values of the spatial availability which 
are not within the 1st to 3rd quantiles of the index, and the lines in boxes show the median values 
of the spatial availability. (b) Correlations between different neighbourhood sizes are shown. 
Diagonal plots show frequency histograms of the indices, and upper plots show pairwise 
correlation coefficients.  
 
(a) 20 km neighbourhood       (b) 50 km neighbourhood       (c) 100 km neighbourhood        
 
Fig. 3.5 Distributions of spatial availability of current climate under current conditions within 20 






Fig. 3.6 Distributions of locally/nationally rare/common climates. The areas with locally rare 
(common) climate conditions were identified as the areas with the lowest (highest) 25% of the 
Spatial Availability Index of current climate conditions (SAI) within a 20 km neighbourhood. The 
areas with nationally rare (common) climate conditions were identified as the areas with the 
lowest (highest) 25% of the SAI of current climate conditions within all land areas of New 
Zealand. Areas with the following four types of climates were identified as the overlapped area 
of two of the above and mapped; (i) locally rare and nationally common climates, (ii) locally and 
nationally rare climates, (iii) locally and nationally common climates, and (iv) locally common 






3.3.3. Consequences of the removal of outlying climate conditions in spatial availability 
of climate  
Three sets of Spatial Availability Indices, that were calculated by removing p (p = 1, 2.5 
and 5) percent(s) of outlying climate conditions were compared with the index calculated 
without removing outlying climates, to examine how outlying climate conditions 
influence patterns of the spatial availability. The index generally became lower as more of 
outlying climates were removed. Because total climate ranges of grid cells to search 
analogous climate became narrower by removing outliers, more of climates were 
identified as non-analogous (Fig. 3.7). However, the index calculated by removing 
outliers partly (when SAI with outliers > 0.6) showed linear relationships with the index 
calculated without removing outliers. This indicates that the outlier removal did not make 
a big change in patterns of spatial availability of climate, but made the spatial availability 
lower (Figs. 3.7, 3.8).  
 
Fig. 3.7 Spatial Availability Index that was calculated by removing outlying climate conditions. 
The index calculated by removing outlying climates was plotted against the index calculated 
without removing any climates. Blue, red and black points respectively show the index 









(a) 1 % outliers removed          (b) 2.5 % outliers removed          (c) 5 % outliers removed 
 
Fig. 3.8 Distributions of Spatial Availability Index calculated by removing 1 (a), 2.5 (b) and 5 (c) 
percent(s) of outlying climates. 
 
3.3.4. How the choice of environmental variables effects the Spatial Availability Index  
The Spatial Availability Index of current climate, calculated from ordination values of 
climate variables, showed similar patterns to the index calculated from the climate 
variables, and these indices showed a significant correlation (p < 0.01; Figs. 3.2 and 3.9). 
These indicate that using either of the original climate variables or ordination values to 
calculate the index does not make a big difference in patterns of the index. What 
significantly changes patterns of the index is patterns of climate variables. If a variable 
where the pattern is significantly different from others was added to calculate the index, 






(a)                                                                                   (b) 
 
Fig. 3.9 Spatial Availability Index calculated using ordination values. The index was calculated 
from the first four PC axes based on 19 (a) or the following four (b) BIOCLIM variables; annual 
mean temperature, minimum temperature of coldest month, annual precipitation and 
precipitation seasonality. These indices were mapped and plotted against the index calculated 
using the four climate variables. 
 
3.3.5. Comparison of metrics of spatial availability 
The Spatial Availability Index was compared with other three location-based indices of 
spatial similarity to demonstrate how the index differs from existing indices. All the three 
indices were significantly correlated with the index, SAI, and Euclidean similarity 





with high Euclidean similarity (> -2000) showed exceptionally low values (< 0.55) of SAI 
that were calculated using four climate variables, i.e., annual mean temperature, minimum 
temperature of coldest month, annual precipitation and precipitation seasonality (Fig. 
3.10a). On the other hand, SAI in these locations, that was calculated using the climate 
variables excluding precipitation seasonality, did not show so low values (Fig. 3.11). 
These locations have the lowest precipitation seasonality (Fig. A3). These indicate that 
SAI is more sensitive for the distribution of original climate variables than Euclidean 
similarity. Mahalanobis similarity was > - 250 for most of locations, although it ranged 
from -2279 to 0 (Fig. 3.10b). Because Mahalanobis similarity is the measure to detect 
outliers, Mahalanobis similarity shows significantly different values from others for 
outliers. Therefore, the frequency histogram of Mahalanobis similarity looks not to have 















Fig. 3.10 Comparison of four metrics of spatial similarity in environmental conditions, Spatial 
Availability Index (SAI), Euclidean similarity, Multivariate Environmental Similarity Surface 
(MESS) and Mahalanobis similarity, that were calculated using four climate variables; annual 
mean temperature, minimum temperature of coldest month, annual precipitation and 
precipitation seasonality. Figure (a) shows a correlation matrix of the four indices. The diagonal 
plots show frequency histograms of the indices and the upper-right plots show pairwise 








Fig. 3.11 Comparison of four metrics of spatial similarity in environmental conditions, Spatial 
Availability Index (SAI), Euclidean similarity, Multivariate Environmental Similarity Surface 
(MESS) and Mahalanobis similarity, that were calculated using three climate variables; annual 
mean temperature, minimum temperature of coldest month and annual precipitation. The 
figure shows a correlation matrix of the four indices. The diagonal plots show frequency 
histograms of the indices and the upper-right plots show pairwise correlation coefficients.  
 
3.3.6. The spatial availability of climates in the past 
The pattern of Spatial Availability Index of the LGM climate conditions at the LGM 
(SAIll) generally showed similar spatial patterns to the one of the current climates under 
the current conditions (SAIcc) (Figs. 3.2, 3.12a). However, the spatial availability of 
climate has changed as the climate warming since the LGM. During the LGM, the areas 
of Zealandia which are currently the southeast corner of the North Island did not have 
specifically more available climate conditions than other areas, although the areas 
currently have climates that are the most available under the current conditions in New 
Zealand. This is indicated by the high SAIll and intermediate SAIcc of the areas. The 





similar distributions to SAIcc, and they showed a strong linear correlation between them 
(slope = 0.81 and p < 0.01) (Figs. 3.2 and 3.12b). The LGM climates were generally 
colder and dryer than the current climates (Table 3.2). Therefore, the areas where climate 
is relatively cold and dry now, (e.g., southern areas in the South Island), showed high 
SAIcl. Patterns of SAIcl indicated that areas in the south of the South Island, the north of 
the Stewart Island, areas in northeast in the South Island and the inland of the North 
Island are characterised by current climate conditions that were widespread during the 
LGM (i.e., purple areas in Fig. 3.12b). 
 
Table 3.2 Average climate conditions at the current times and the Last Glacial Maximum in New 
Zealand. Standard deviation is shown in brackets. 
Climate Mean 
 Current LGM 
Annual mean temperature 10.54 °C (2.99) 9.66  °C (2.85) 
Minimum temperature of 
coldest month 
1.24 °C (3.38) 0.29  °C (3.32) 
Annual precipitation 1669 mm (848.2) 1409 mm (718.4) 









Fig. 3.12 Spatial availability of the Last Glacial Maximum climate conditions at the LGM (SAIll: a) 
and of current climate conditions at the LGM (SAIcl; b). Low values of SAIll indicate that the LGM 
climate conditions of the location were not widely available at the LGM; high values of SAIll 
indicate that the LGM climate conditions were widely available at the LGM. Low values of SAIcl 
indicate that current climate conditions of the location were not widely available at the LGM; 





3.3.7. Change of spatial availability of climate through time 
The difference between the spatial availability of current climates in the current time, and 
at the LGM, indicates change in the climate availability since the LGM. Although the 
differences are generally small in New Zealand (range; from -0.069 to 0.045; mean =-
0.017), some spatial patterns emerged (Fig. 3.13). The difference was the highest in the 
West Coast of South Island and the north of North Island, indicating that the areas with 
the currently wettest or warmest climates had very different climates at the LGM (Fig. 
3.13). Areas with current climates that were more widespread during the LGM than they 
are now (blue areas in Fig. 3.13) make up 44.5 % of the land areas in New Zealand. These 
areas are in the West Coast in the South Island and the north of the North Island, where 
the spatial availability of current climate under the current conditions is the lowest. Areas 
with current climates that are now more widespread than they were during the LGM (red 
areas in Fig. 3.13) make up 26.0 % of the land areas in New Zealand, and they are found 









Fig. 3.13 Change of spatial availability of current climate conditions since the Last Glacial 
Maximum (LGM), which is expressed as the difference between the availability of current 
conditions under current conditions and the one at the LGM. Negative values (blue) indicate 
locations which current climate conditions are less widely available now than they were at the 
LGM; positive values (red) indicate locations for which current climate conditions are more 







3.4.1. Spatial patterns of climate conditions 
Every location is characterised by a set of environmental conditions (e.g., climates and 
soil types), and we can quantify how much area with analogous climates to those of the 
location is present within a region. The availability and spatial arrangement of such 
climatically analogous areas have direct relevance to the distribution and ecology of the 
species at that location (Ackerly et al., 2010, Ohlemueller et al., 2008). Species at 
locations with climates that are common and readily available will find it easier to 
disperse away from the location than species at the locations with climates that are rare 
and only available in small areas. This contributes to shaping patterns of biodiversity; for 
example, climatic rarity/heterogeneity vs species endemism (Zuloaga et al., 2019). 
Therefore, the availability and spatial arrangement of climatically analogous areas 
provide useful information for planning species conservation strategy (Foden et al., 
2019).  
The results show a clear variation of the availability of current climatic conditions across 
New Zealand (Fig. 3.2). The most common climates are present in lowland areas, 
whereas the rarest climates are found in mountains and on the West Coast. Overlaps 
between the spatial arrangement of climatic rarity and species distributions helps to 
understand how climatic drivers shape species distributions. Areas with rare climate 
conditions can support rare species (Ohlemueller et al., 2008). Therefore, areas with rare 
climates can be candidates for protected areas. In New Zealand, most of the montane 
areas with rare climates in South Island are already well-protected or indigenous 
ecosystems are remaining in the areas, while the low-lying areas with rare climates in 
southeast corner of the North Island are not well-protected or not many of indigenous 
ecosystems are remaining (Walker et al., 2015). Although areas with rare climates can be 
habitats of rare species, locations with the high climatic rarity do not necessarily overlap 
with areas of high endemism or high biodiversity in New Zealand; for example, grass 
species endemism (Connor, 2002), alpine plants endemism (McGlone et al., 2001) and 
biodiversity of vascular plants (Rogers and Walker, 2005). Global climatic rarity is also 
not consistent with global patterns of species endemism of mammals and amphibians 
(Zuloaga et al., 2019). These findings suggest that climatic rarity is not a major control of 





3.4.2. Changing availability of climate conditions 
The metrics to quantify climate change have been developed and applied to study the 
responses of a range of biota. For example, climate velocity is used to predict the future 
responses of ecosystems and species (e.g., Burrows et al., 2014, Dobrowski and Parks, 
2016) and patterns of analogous climates detected distributions of novel climate 
conditions under the future climate change (Williams and Jackson, 2007). The index of 
spatial availability of climate conditions provided evidence for a climatic driver of the 
beech gap in New Zealand. In New Zealand, there are regions where beech species are 
completely absent, even though environmental conditions at appropriate altitudes in the 
regions seem suitable for them (Dawson, 1988). The mechanism of the beech gap 
establishment has been explained as the following; beeches were eliminated in the glacial 
period, and because of the slow rate of dispersal, they have not yet fully re-distributed 
from their refugia in the glacial period to areas which currently have suitable conditions 
for them (Leschen et al., 2008, Rogers, 1989, Trewick and Wallis, 2001, Wardle, 1965). 
There is a remarkable coincidence of areas with low spatial availability of the current 
climate conditions and the regions with beech gap, especially in the West Coast in the 
South Island (Figs. 3.2 and 3.12b). The low values of the spatial availabilities in the West 
Coast indicate that the current wet climates are/were rare in the current time and the LGM 
(Figs. 3.2 and 3.12b). The wet climates are suitable for both southern beeches and other 
tree species with higher dispersal rates. Due to the low availability of the wet climate and 
the higher dispersal rate of other tree species than beeches, the other tree species are 
likely to have dominated the region faster than southern beeches after the glacial period.  
 
3.4.3. The methodology of quantifying climatic availability 
Forecasting the impacts of future climate changes on biota is difficult, because responses 
of organisms are the results of the interplay of demographic, physiological and 
evolutionary mechanisms. Environmental niche modelling, a common method to 
investigate the responses, demands a huge amount of biotic information. Compared to the 
modelling method, simple climate-only metrics are easier to apply for wide ranged 
regions, regardless of the high biodiversity (Fitzpatrick and Dunn, 2019, Garcia et al., 





the use of climate velocity can help to estimate exposure of organisms to future climate 
change and the formation of novel communities (Brito-Morales et al., 2018). The index 
introduced in this chapter is an advance from the existing indices, because of the 
following three reasons; (i) the index quantifies the area that is available, but existing 
indices only take into account distances between locations with analogous climate 
conditions, or represent only how similar two climates are (e.g., Burrows et al., 2014, 
Ordonez et al., 2014, Williams and Jackson, 2007); (ii) our index does not rely on 
thresholds, but search analogous climates by a set of climate range breadths which 
reaches the total range by steps. On the other hand, the existing indices generally require 
arbitrary climate thresholds or time periods to determine analogous climates (but see 
Beaumont et al., 2011); (iii) to apply these existing measures for conservation and 
management purposes, additional information is needed, for example, destinations 
(Hamann et al., 2015) and the size of areas of new habitats under climate change. The 
index provides the size of areas that are available for organisms and can take destinations 
into consideration by limiting the areas to search analogous climates. Therefore, our index 
advances existing metrics. 
Even for the same set of climate conditions, the spatial similarity of climate conditions 
can vary depending on the limits of outlying climate conditions and the size of the 
neighbourhood area. These adjustments help to study how patterns of climate conditions 
influence species distributions. For example, in order to assess to what degree the 
organisms may be threatened by climate change at their current location, the 
neighbourhood size can be adjusted to the dispersal and migration capacity of organisms 
(narrow vs. wide ranged). Dispersal ability is a key to assess the impact of climate change 
on specific communities and species (Schloss et al., 2012, Urban et al., 2012). Using 
spatial availability as a measure, we may calculate how much of the current range of a 
species may find a minimum of habitat with suitable climate nearby. The comparison of 
spatial availabilities within various sized neighbourhoods showed that alpine areas had 
lower availability within 20 km neighbourhood than those within wider neighbourhood. 
Therefore, in New Zealand, species in alpine areas may not be threatened by climate 
change, if they can disperse to distant (> 20km) locations with similar climate conditions, 






Compared with other climate-only and location-based indices for environmental 
similarity, (Euclidean similarity, MESS and Mahalanobis similarity), our index has a 
stronger sensitivity for the patterns of original climate variables, i.e., if a variable had a 
very different pattern from the other variables, the pattern of our index will be similar to 
the pattern of the variable. Although all of the three studied, existing indices were 
significantly correlated with our index, they showed non-linear relationships with our 
index and their distributions are widely different (Fig. 3.10). The advantage of our index 
over other three indices is that it ranges from 0 to 1, which makes the comparison of the 
spatial availability of climate conditions between different regions easy. Because the 
other indices has no range limits, the comparison between regions is hard and maps of the 
indices look differently depending on the colour scales. 
 
3.4.4. Conclusions 
Distributions of species are shaped by the distribution of abiotic factors (e.g., climate 
conditions). By quantifying the area with similar climates to a location that are available 
within a region, we can assess climatic suitability of locations for organisms without a 
huge amount of species information. Here, this study introduced Spatial Availability 
Index which quantifies the extent of areas with similar climate conditions, mapped the 
distribution of the index within New Zealand, and compared the index with other three 
indices to quantify the environmental similarity between locations. Key locations in New 
Zealand with currently rare climates include the West Coast in the South Island and 
southeastern parts of the North Island; whereas regions with currently common climate 
conditions are located in low-lying areas on both islands. Locations in the central South 
Island have a current climate that is currently less widely available than it was at the Last 
Glacial Maximum (LGM); on the other hand, current climate conditions of the South 
Island’s west coast and large parts of the North Island are currently more widely available 
than at the LGM. The coincidence of patterns of the index with beech gap regions in New 
Zealand gave evidence of climatic drivers for the gap. As shown in this study, the 
location-based indices are useful for studies on the impacts of past and future climate 
change on the biota in areas where a) information on species distributions and species 
inventories are not available and b) high numbers of small-ranged species occur for which 





Chapter 4: The role of spatial availability 




The current geographical distribution of species reflects the geographical distribution of 
environmental conditions that make up the realised niche of the species. Therefore, the 
spatial arrangement of suitable climates is one of the key drivers of a species’ range. Past 
environmental change can contribute to shaping current species niche, because the current 
species distributions are shaped by the interplay of the present-day AND historical 
environmental and ecological conditions. This study aims to understand the relative 
importance of the spatial availability of climates and patterns of past climate change for 
shaping current species niches. Therefore, the relative importance of current climate 
conditions and the change in spatial availability of climate since the Last Glacial 
Maximum (LGM) was calculated using environmental niche models; and the relationship 
between the spatial availability of climate and species’ potentially suitable ranges was 
tested. Results show that change in the spatial availability of climate since the LGM had 
low importance for explaining current species distributions. This suggests that current 
climatic conditions are generally more important than the past climate change for the 
studied species. Species with lower dispersal ability (gravity dispersal species) did not 
show significantly different climatic range filling from species with higher dispersal 
ability (animal dispersal species). This suggests that non-climatic factors (e.g., dispersal 
processes) does not have a strong control on realized distributions of species with low 
dispersal ability. This study has shown that past climate change can be less important than 
current climate conditions for shaping the current distributions of plant species with a 






Niche concepts are entangled with every ecological phenomenon, (e.g., response to 
climate change). Thus, the roles of environments in shaping species niche patterns are an 
important issue in ecology (e.g., Petitpierre et al., 2012, Ricklefs, 2004). Species 
distributions are a reflection of their niches, therefore, environmental niche models are 
commonly used to investigate factors shaping species distributions. Current species 
distributions are often related to only current climate conditions. This assumes that factors 
shaping the current species distributions are only currently existing environments, (e.g., 
competition and climate conditions; Alexander et al., 2015, Godsoe et al., 2015, Williams 
and Jackson, 2007). However, some studies reported that the historical change of climates 
controls current species distributions. For example, the effects of Quaternary climate 
change on current species compositions (Ordonez and Svenning, 2017, Sandel et al., 
2011) and the effects of climate change velocity since the Last Glacial Maximum (LGM; 
c. 30,000 – 20,000 years ago) on the current species endemism (Burrows et al., 2014, 
García Molinos et al., 2016) were documented. In this study, the relative importance of 
the past climate change for shaping current species distribution is investigated using the 
Spatial Availability Index that was introduced in the previous chapter. 
 
The contribution of past climate changes to shaping current species distribution has been 
supported by coincidences in patterns of past climate conditions and current 
biogeography (e.g., Svenning and Skov, 2004). When investigating these patterns, 
currently realized or modelled species ranges is used as current biogeography. However, 
modelled species range can be more suitable for investigating the effects of historical 
drivers on them than realized range. Realized species range is the result of abiotic and 
biotic processes. Biotic processes can be sensitive to stochastic processes; for example, 
dispersal and demographic processes (Gaston and He, 2002, Mohd et al., 2016). Modelled 
species range using climatic factors, on the other hand, will reflect a species response to 
abiotic environment (largely climate). Therefore, the patterns of modelled species range 
are more likely to coincide with the patterns of past climate changes than realized species 
range. In addition to this nature of modelled species range, species response to abiotic 
environment is likely to be determined by species traits, which can be phylogenetically 
conserved (Soberon and Nakamura, 2009). Thus, modelled species range is more likely to 





contribution of the past climate change than realized species range. This study 
investigates how past climate change contributed to shaping ‘species range filling’, which 
tells how much of species climatically suitable range is actually filled. 
 
Climatic range filling is commonly calculated using environmental niche models (ENMs) 
(e.g., Dullinger et al., 2012, Nogues-Bravo et al., 2014, Svenning and Skov, 2004). Most 
of ENMs are built on current climatic variables. Therefore, range filling tells how much 
of current distribution is explained by climatic variables; and the ratio of the range that is 
not actually filled can be interpreted as being driven by non-climatic variables, for 
example, dispersal limitation or competitive exclusion traits related to range-shift 
(Estrada et al., 2018). Factors associated with low/high range filling help to disentangle 
roles of non-climatic limitations for shaping species range. Therefore, in this study, how 
spatial availability of climate conditions influences species range filling is investigated.  
 
This study aims to understand the roles of current climate conditions, climate change and 
spatial availability of climate conditions for shaping current species distributions, and to 
assess the relative importance of those. With this aim, the following questions were:  
1) What is the degree to which plants fill climatically suitable range in New Zealand? 
2) What is the relative importance of current climatic factors and past climate change 
patterns for shaping current species distributions? 
3) Do species occurring in areas with climate conditions which are more commonly 





4.2. Material and Methods 
In this study, the relative importance of climatic factors for shaping current species 
distributions and species range filling were quantified, to investigate the contribution of 
past climate change and spatial availability of climate conditions for shaping current  
distribution of open habitat plants in New Zealand. 
 
4.2.1. Study species 
This study is based on distributions of 18 herbaceous species in the genus Acaena (16 
species and two varieties) and 34 grass species in the genus Chionochloa (15 species, 16 
subspecies, two varieties and one form) in New Zealand (Table A1). Species with <10 
occurrence records and non-native, naturalized species were not used in this study. 
Occurrence records of these species were compiled from personal observation, surveys 
and reports (List A1) and location information from online databases, New Zealand 
Virtual Herbarium (http://www.virtualherbarium.org.nz) and New Zealand National 
Vegetation Survey (https://nvs.landcareresearch.co.nz). The occurrence records were 
converted to gridded cells at 5 km resolution for modelling the species distributions.  
 
4.2.2. Climatic conditions 
In order to build environmental niche models for species, the gridded data of species 
occurrence records were overlaid with current climate data. The LGM climate data were 
obtained to quantify the change of spatial availability of current climate conditions since 
the LGM. 
Current climatic conditions - In order to model distributions of the studied species, the 
following four current climate variables were used; annual mean temperature, minimum 
temperature of coldest month, annual precipitation and precipitation seasonality. The 
climate values of each location at 30 arc seconds resolution were extracted from 
WORLDCLIM version 1.4 (http://worldclim.org/version2; Hijmans et al., 2005) and then 
resampled to 5 km grid resolution.  
Past climatic conditions - Climatic conditions of the LGM (c. 22,000 years ago) were 





with a global climate model, MIROC-ESM. The climate conditions were obtained at 2.5 
arc minutes grid resolution and resampled to 5 km grid resolution. Studied area was 
limited to the largest island of Zealandia at the LGM which covered most of the current 
land area of New Zealand. 
 
4.2.3. Environmental niche modelling  
Environmental Niche Models (ENMs) were built for each of the studied species, to 
quantify species range filling, climatically suitable areas for species that are actually 
filled, and the relative importance of climate variables for shaping species distributions.  
For each species, an ensemble model from multiple ENMs was built. Range filling and 
the variable importance were calculated from species occurrence probability that was 
predicted by the ensemble model. 
For each species, seven models were built using “biomod2” package (Thuiller, 2016) in R 
(R Core Team, 2017). Each of the models use one of the following algorithms; random 
forests, surface range envelope, multi-adaptive regression splines, generalized linear 
models, generalized additive models, generalized boosting models and artificial neural 
networks. These models were built using the following seven climatic variables as 
predictors; the above four current climate conditions, the Spatial Availability Index (SAI) 
of current climate conditions under the current conditions (SAIcc) and the LGM (SAIcl) 
within New Zealand, and the difference between SAIcc and SAIcl; Table 4.1). Low 
values of SAIcc indicate low availability of areas with similar climate similar to those of 
the target location within the region (i.e., the climate of a location is very different or rare 
compared to those in the region); high values indicate high availability of climate 
conditions similar to those of the target location within the region (i.e., the climate of the 
target location is very similar or common compared to those in the region). Likewise, low 
values of SAIcl indicate that the current climate of a location was very different or rare 
compared to the LGM climate in the region; high values indicate that the current climate 
of the target location was very similar or common compared to the LGM climates. The 
difference between SAIcc and SAIcl indicates the change of the spatial availability since 
the LGM; negative values indicate that current climate of a location was more common at 
the LGM than now; positive values indicate that current climate of a location is more 





presence/absence data were given to the ENMs as training data. Grid cells with no 
occurrence records of target species but any other species in the genus were used as 
pseudo-absence of the target species.  
Each of the seven models was run four times; a run for a full model and three runs for 
cross-validation (i.e., three-fold cross validation). In the full model building, training and 
testing used all of the presence/absence records. In the three-fold cross-validation, 75% of 
the presence/absence records were used for training and the remaining 25% were used for 
testing the models. The training and test datasets were re-randomised for each of the 
three-fold cross-validation analyses. Among the 28 analyses (the combination of seven 
types of models and four runs), the analyses with the true skill statistic (TSS) < 0.7 were 
discarded, due to its low model fitness (Allouche et al., 2006, Liu et al., 2013). TSS 
ranges from 0 to 1 with high values indicating greater fitting of models to training data. 
For each species, an ensemble EMN was derived by averaging the models with TSS > 0.7 
(Araújo and New, 2007).  
The ensemble models output species occurrence probabilities for each 5km grid cell, 
which range from 0 to 100%. The occurrence probabilities were translated into binary 
predictions of species presence or absence by using a threshold which maximizes TSS 
(Dullinger et al., 2012). The predicted presence data were assumed as potential presence 
of the species (Dullinger et al., 2012, Nogues-Bravo et al., 2014, Pouteau et al., 2015, 
Svenning and Skov, 2004).  
 
Table 4.1 A list of climate variables used to build environmental niche models. Spatial Availability 
Index (SAI) values are calculated within current land areas of New Zealand using the four climate 
variables; Annual mean temperature, Minimum temperature of coldest month, Annual 
precipitation and Precipitation seasonality. 
Name of the index Abbreviation  Explanation 
Annual mean temperature AMT  
Minimum temperature of 
coldest month 
MTC  





Precipitation seasonality PS  
SAI of current climate under the 
current conditions 
SAIcc This index indicates spatial availability 
of the current climate condition of a 
location under current conditions. 
SAI of current climate at the 
LGM 
SAIcl This index indicates spatial availability 
of the current climate condition of a 
location at the LGM. 
Difference between SAIcc and 
SAIcl 
SAIcc-cl This index indicates how spatial 
availability of the current climate 




4.2.4. Species range filling 
In order to quantify climatically suitable areas that are actually occupied by species, 
species range filling was calculated as true positive divided by predicted positive 
(Svenning and Skov, 2004);  
 SpeciesRangeFilling  = Nop / Np 
where Nop represents the number of grid cells with observed occurrence records which 
were predicted to have the presence of species, and Np represents the number of grid cells 
with predicted to have the presence of species. Values of range filling range from 0 to 1. 
Higher values indicate that the species occupy more of the climatically suitable areas. In 
order to test the difference in range filling between genera with different dispersal types, 
(i.e., Acaena; animal and Chionochloa; gravity seed dispersal), the difference between 
range filling of genus Acaena and genus Chionochloa was tested by t-test implemented in 
R “stats” package. 
 
4.2.5. Importance of climatic factors 
In order to investigate which climatic variables are more important in shaping species 
distributions, the relative importance of the above seven climatic variables was calculated 
and compared among genera and species with different range sizes (the number of grid 





combination of seven types of models and four runs), the importance of the above seven 
variables was calculated by the biomod2 package. The sets of variable importance were 
compared by calculating averaged ranks of the importance (Syphard and Franklin, 2009); 
in each of the 28 analyses, the importance of the seven variables were ranked from 1 
(most important, i.e., the highest importance value) to 7 (least important, i.e., the lowest 
importance value). If two variables had the same importance value, the same rank were 
assigned. Then, I proceeded to rank the rest of the variables, based on the order that they 
would be in if there were no tie. For each of the seven variables, the importance ranks 
were averaged over the 28 analyses. The averaged ranks were compared among species 
from the two studied genera. In order to examine relationships between species range size 
and the importance of climate factors for shaping species distributions, species were 
grouped into three according to their range sizes; small (Acaena; < 50 and Chionochloa; < 
100), medium (Acaena; < 100 and Chionochloa; < 250) and large (Acaena; > 100 and 
Chionochloa; > 250). Then, the averaged ranks of climate variable importance were 
compared among the three groups. 
 
4.2.6. Species range filling and the spatial availability of current climates 
Relationships between the spatial availability of climate conditions and species range 
filling were investigated. In order to quantify the availability of climates which are 
occupied by species, the spatial availability of current climates under the current 
conditions (SAIcc) was averaged over the locations with current species occurrence 
records. High values of the averaged SAIcc indicate that the locations where species 
currently occur have widespread climate conditions in current New Zealand. Therefore, 
the species is highly likely to expand their habitats to locations with the similar climate. 
Low values the averaged SAIcc indicate that the locations where species currently occur 
have rare climate conditions in current New Zealand. The relationships between species 
range filling and the averaged SAIcc were tested by generalized linear regression models 






Valid environmental niche models were obtained for 17 Acaena species and 31 
Chionochloa species (Table 4.2). The following results are based on the analyses of those 
species. 
 
4.3.1. Species actual range and range filling 
Actual range sizes of Acaena species varied more widely than Chionochloa; those of any 
Acaena species ranged from 10 to 1622, while those of Chionochloa species ranged from 
10 to 513 (Table 4.2). The two genera occur across New Zealand, however, many of 
Chionochloa species have small and locally restricted distribution and occur in 
mountainous habitats (Fig. A4). Range filling of genus Acaena was not significantly 
different from Chionochloa (t-test; p = 0.26), indicating that dispersal type difference 
does not make a significant difference in species range filling. Range filling of any 
Acaena species ranged from 0 (A. dumicola, A. emittens, A. glabra, A. microphylla var. 
pauciglochidiata and A. pallida) to 0.14 (A. caesiiglauca) with the mean of 0.005. Range 
filling of any Chionochloa species ranged from 0 (C. crassiuscula subsp. crassiuscula, C. 
defracta, C. juncea, C. lanea, C. spiralis and C. vireta) to 0.066 (C. rubra subsp. cuprea) 
with the mean of 0.02. This indicates that Chionochloa species tend to fill more of 
climatically potential ranges than Acaena species. Species with range filling = 0 are 
generally small ranged species (but A. dumicola and A. grabla). This result suggests that 
their ENMs or the studied climatic drivers do not have high predictive ability for the 
species distributions, because the species distributions are not strongly driven by climatic 
factors but by other factors. Species range filling was significantly greater for species 
with larger actual range size (Acaena; p < 0.01 and Chionochloa; p < 0.01). This 
indicates that widespread species with large range size are more likely to occupy more 









Table 4.2 Lists of species names, range filling and range size at 5 km grid resolution. Range filling 
is 0 for species that have no coincidence between occurrence records and predicted presence by 
models. 
(a) Acaena                                                                 (b) Chionochloa 












A. agnipila 0.025 132  C. acicularis 0.001 120 
A. anserinifolia 0.140 1622  C. australis 0.030 156 
A. buchananii 0.021 91  C. bromoides 0.037 29 
A. caesiiglauca 0.145 779  C. cheesemanii 0.003 60 
A. dumicola 
0 80 
 C. conspicua subsp. 
con. 0.059 513 
A. emittens 
0 10 
 C. conspicua subsp. 
cun. 0.021 133 
A. fissistipula 
0.060 248 
 C. crassiuscula 
subsp. cra. 0 11 
A. glabra 
0 84 
 C. crassiuscula 
subsp. dir. 0.011 32 
A. inermis 
0.076 518 
 C. crassiuscula 
subsp. Torta 0.047 271 
A. juvenca 0.005 63  C. defracta 0 16 
A. microphylla var. 
mic. 0.004 28 
 C. flavescens subsp. 
Brevis 0.016 143 
A. microphylla var. 
pau. 0 24 
 C. flavescens subsp. 
fla. 0.007 47 
A. novae-zelandiae 
0.064 572 
 C. flavescens subsp. 
Hirta 0.019 74 
A. pallida 
0 31 
 C. flavescens subsp. 
Lupeola 0.014 70 
A. profundeincisa 
0.033 272 
 C. flavicans f. 
flavicans 0.012 46 
A. saccaticupula 0.004 147  C. juncea 0 10 
A. tesca 0.004 50  C. lanea 0 12 





    C. oreophila 0.020 161 
    C. ovata 0.003 64 
 
  
 C. pallens subsp. 
Cadens 0.038 246 
 
  
 C. pallens subsp. 
Pallens 0.017 124 
 
  
 C. pallens subsp. 
Pilosa 0.048 192 
 
  
 C. rigida subsp. 
Amara 0.017 211 
 
  
 C. rigida subsp. 
Rigida 0.046 363 
 
  
 C. rubra subsp. 
Cuprea 0.066 381 
 
  
 C. rubra subsp. 
Occulta 0.019 88 
    C. rubra var. rubra 0.020 87 
    C. spiralis 0 11 
    C. teretifolia 0.006 62 
    C. vireta 0 18 
 
(a) Acaena                                                                 (b) Chionochloa 
  
Fig. 4.1 Species range filling and actual range size for Acaena (a) and Chionochloa (b). Species 






4.3.2. Importance of current climate vs. change in climate availability through 
time for current species distribution 
The most important variable for shaping current species distributions varied among 
genera; Acaena; minimum temperature of coldest month (the mean of the importance 
rank over 17 species = 2.0) and Chionochloa; precipitation seasonality (the mean over 31 
species = 2.1; Fig. 4.2a). The difference between spatial availability indices of current 
climate conditions at the current times and the LGM (SAIcc-SAIcl) was generally smaller 
than four current climatic variables (Fig. 4.2a). This indicates that the change in climate 
availability since the LGM is less important than current climate conditions for shaping 
species distributions. Therefore, the past climate change appears less important than the 
current climatic drivers for shaping the current species distributions of studied species. 
However, the difference between spatial availabilities in the current times and the LGM 
(SAIcc-SAIcl) was more important than the spatial availability of current/LGM climate 
conditions (Fig. 4.2a). This indicates that patterns of the past climate change has a 
stronger role in shaping the current species distributions of studied species, than the 
spatial availability of the current climates. The averaged ranks of variable importance 
varied widely among species regardless of the range size (Fig. 4.2b). 
 
(a) The variable importance for species 








(b) The variable importance for species in three range sizes  




Fig. 4.2 Relative importance of seven climatic variables for explaining current species 
distributions. This is based on the ranked importance that was averaged over 28 analyses (1 = 
high importance; 7 = low importance). The relative importance was calculated for the following 
variables; annual mean temperature (AMT), minimum temperature of coldest month (MTC), 
annual precipitation (AP), precipitation seasonality (PS), Spatial Availability Index (SAI) of current 
climate conditions at the present (SAIcc), SAI of current climate conditions at the Last Glacial 
Maximum (LGM) (SAIcl), and the difference between SAIcc and SAIcl (SAIcc-SAIcl) which 
represents the change in spatial availability of climate conditions since the LGM (see Methods 
for details on model building). In figures (a), each boxplot shows the distribution of the averaged 
importance rank of each climatic variable for species in a genus, Acaena (i) or Chionochloa (ii). In 





sizes are shown; small (Acaena; < 50, Chionochloa; < 100), medium (Acaena; < 100, Chionochloa; 
< 250) and large (Acaena; > 100, Chionochloa; > 250). 
 
4.3.3. Range filling vs. spatial availability of climates occupied by species  
Species occurring in areas with higher spatial availability of climates would be more 
likely to shift their habitats into new areas with a similar climate to their current habitats. 
In order to test this hypothesis, the availability of climate conditions that are occupied by 
species was quantified as the average of the Spatial Availability Index of current climate 
under the current conditions (SAIcc) over areas with occurrence records of the target 
species. Of any Acaena species, the averaged SAIcc ranged from 0.65 to 0.74 (median; 
0.68); of any Chionochloa species, it ranged from 0.57 to 0.74 (median; 0.67). This 
indicates that Chionochloa species habitats have less common climates than Acaena 
species habitats. Species occurring in areas with lower averages of spatial availability do 
not necessarily have lower range filling (Acaena; p = 0.27, Chionochloa; p = 0.15; Fig. 
4.3), which indicates that species currently occurring in common climate conditions do 
not necessarily fill more of potentially suitable habitats than other species.  
Some species with range filling = 0 showed higher averages of the climatic availability 
over their current habitats than the median (Fig. 4.3). Low climatic range filling indicates 
non-climatic variables, (e.g., dispersal ability), might drive species range. High 
availability of climates occupied by species indicates that the climate conditions of their 
current habitats are widely available within New Zealand; and therefore, under climate 
change, the species is more likely to expand their habitats into new habitats with similar 
climates. Therefore, the combination of low range filling and high availability of climates 
occupied by species indicates that non-climatic factors are limiting the habitat expansion 
of the species more strongly than climatic factors. Thus, species with low range filling 











(a) Acaena                                                                    (b) Chionochloa 
 
Fig. 4.3 Relationships between range filling and  availability of climate occupied by species.  The 
availability of climate occupied by species is expressed as averages of Spatial Availability Index of 
climate conditions in the current time (SAIcc) over the locations with occurrence records of 
target species. The availability is plotted against range filling of (a) Acaena and (b) Chionochloa 







The aim of this study is to understand the roles of current climate conditions, climate 
change and spatial availability of climate conditions for shaping current species 
distributions. With the findings of this study, how past climate change and spatial 
availability of climate conditions contributes to shaping current species distributions will 
be discussed. 
 
4.4.1. Does past climate change contribute to shaping the current species distribution?  
This study showed small importance of the change in spatial availability of climate since 
the LGM for shaping current distributions of the studied species (Fig. 4.2). This indicated 
that the past climate change does not strongly contribute to shaping current distributions 
of open habitat plants in in New Zealand. This can be because the range of climate 
change in New Zealand was smaller than other regions where the effects of historical 
constraints on current species ranges were reported. For example, Svenning and Skov 
(2004) indicated the effects of past climate change on current distributions of tree species 
in Europe. In Europe, ice sheets covered the half of the land area and a large temperature 
difference is estimated between the LGM and the present; 5–10 °C colder in ice-free parts 
and up to 40 °C colder over the ice sheet (Strandberg et al., 2011). However, in New 
Zealand, the maximum temperature difference between the LGM and the present was 
10 °C (Hijmans et al., 2005). The difference in the influence of past climate change on 
current species distributions between these regions indicates that; the degree to which the 
past climate change influences current species distributions vary depending on the range 
of climate change within studied areas. There are few studies which compared the 
importance of current climate conditions and past climate changes to shaping species 
distributions (but see Grunig et al., 2017). These findings suggest that strong influences of 
the past climate change on current species distributions would be found when study areas 
are limited in areas with a wide range of climate change.  
Non-linear change in climates through time can be another reason for the small 
importance of the past climate change in this study. Temperature change since the LGM 
to the present is one of the strongest global climatic changes in the Quaternary 
(Ruddiman, 2001). However, temperatures did not change linearly but included many 





followed the smaller changes in climate, the response to the total change could have 
become less detectable in the current species distribution. 
The impact of the future climate change can be greater than the past change that was 
quantified in this study. The future climate change is predicted to be more rapid than the 
climate change since the LGM; global surface temperature rise is estimated to be 0.3 - 
4.8 °C in next 100 years (IPCC, 2014), while the temperature rise since the LGM is 4.5°C 
in the last 21,000 years (Otto-Bliesner et al., 2006a).  
 
4.4.2. Range filling and spatial availability of climates in species habitats 
Chionochloa species tend to have greater range filling than Acaena species. This indicates 
that non-climatic factors, (e.g., dispersal processes), limit distributions of Acaena species 
more strongly than climatic factors, compared to Chionochloa species. Species functional 
traits can have stronger effects on range filling than environmental tolerance (Estrada et 
al., 2018, Nogues-Bravo et al., 2014). Among functional traits, dispersal traits are likely a 
strong determinant of species range. Acaena was expected to have greater range filling 
than Chionochloa, because animal seed dispersal (Acaena) facilitates longer distance 
dispersal than gravity dispersal (Chionochloa). However, these genera did not have a 
significant difference in their range filling. This suggested relatively small influence of 
dispersal types to determine species range filling. However, a range of species range 
filling is possibly explained by together with other species traits, (e.g., seed mass). For 
example, Nogues-Bravo et al. (2014) showed that range filling of wind dispersal species 
was not significantly greater than animal dispersal species, however, found the negative 
correlation between seed mass and range filling. Variations in range filling of 1276 
European plant species was explained by dispersal potential, seed bank persistence and 
habitat breadths (Estrada et al., 2015).  
The results indicated little influence of the spatial availability of climate conditions on 
their distributions. However, the spatial availability can have stronger roles in shaping 
distributions of species that are largely controlled by climatic factors. For example, tree 







Although modelled species range by Environmental niche models (ENMs) were assumed 
as species potential range in this study, they might not represent the true range fully. 
ENMs are controversial as a method to measure niches because of the following reasons; 
If observed species distributions that was given to ENMs as training data have low 
equilibrium with current environmental conditions, it causes the models to underestimate 
potential range (Vaclavik and Meentemeyer, 2012); the ability of ENMs to explain “true” 
distribution varies among algorithms used in ENMs (Meynard and Kaplan, 2013, Miller, 
2014); and the fitting of ENMs can be bad for species with small numbers of occurrence 
records. However, ENMs still give implication about species potential range and 
fundamental niches (Araújo and Pearson, 2005), therefore, the range estimation was 
implemented by ENMs in this study. 
The spatial availability that were calculated using the LGM climate can have 
uncertainties, because the LGM climate conditions are estimated values, not observed 
values. Due to the nature of estimation, past climatic conditions are generally more 
homogeneous than observed conditions. The homogeneity could have facilitated 
over/underestimation of modelled climatic suitability. 
 
4.4.4. Conclusion 
This study aimed to understand how spatial availability of climates and the past climate 
change contribute to shaping current species distributions. In this study, the current 
climate conditions were generally more important than climate change since the LGM 
and spatial availability of climate for shaping current species distributions. This suggested 
that distributions of open habitat herbs and grasses are more largely controlled by patterns 
of current climate conditions than by the spatial availability of climate conditions and past 
climate change. Range filling of species with high dispersal ability can be strongly 
controlled by dispersal processes rather than their climatic niches. Therefore, range filling 
of the species is likely to be correlated with dispersal patterns, but not with their climatic 
niche. This study has shown that past climate change can be less important than current 
climate conditions for shaping the current distributions of plant species with a short 





Chapter 5: Do historical drivers 
contribute to shaping currently realized 
species niches? 
Abstract 
The present-day and historical environmental conditions shape current species distributions. 
Although the historical drivers do not explicitly influence species at the present, they drive 
changes in the past environmental and ecological conditions and evolutionary processes. 
This study aimed to understand the roles of two key historical drivers; evolutionary history 
expressed through phylogenetic relationships and environmental stability, i.e., climatic and 
land cover stability, in shaping current species distributions. This study quantified species 
potential range that are actually filled and species climatic niche in stable environments, 
and then, sought explanation for variations in the ranges and niches by phylogenetic 
relationships and environmental stability, for two open-habitat plant genera in New Zealand. 
The two investigated genera, which have different dispersal types, showed different trends 
in phylogenetic conservatism in climatic niche; animal dispersal species did not indicate 
phylogenetic conservatism in their climatic niche, but gravity dispersal species did. This 
result suggests that, for plant species, seed dispersal processes would largely determine the 
degree of phylogenetic conservatism in their biogeographical patterns. Results showed that 
species climatic niche volume is not necessarily larger in stable environments than other 
less stable environments. This indicates that, for plants which have high dispersal ability 
and a short generation time, such as the investigated species, environmental stability has 
not strongly contributed to shaping their current distributions. However, in other parts of 
the world where past climate change may have reached larger magnitudes than in New 
Zealand, environmental stability might play a more pronounced role in shaping the current 
distributions of non-woody plant species. This study has shown that historical drivers, i.e., 
phylogenetic relatedness and long-term environmental stability, would have small 






Species distributions are not static, but change over short and long time-scales. Current 
species distributions are not just the result of current environmental and ecological 
conditions, but the result of the interplay of the present-day and historical environmental 
and evolutionary processes (Donoghue, 2008, Ordonez and Svenning, 2017, Sandel et al., 
2011). Although the historical drivers do not explicitly influence species at the present, they 
caused changes in the past environmental and ecological conditions and evolutionary 
processes. Therefore, even if any ecological filtering was currently absent, current species 
distributions are likely to be non-random (Donoghue, 2008). This study focuses on the 
influence of the historical drivers on current species climatic niche. Two key historical 
drivers are investigated; evolutionary history expressed through phylogenetic relationships 
and environmental stability. 
There are two principal mechanisms in which historical drivers shape current species 
distribution; evolutionary and geological changes. Firstly, evolutionary changes, such as 
speciation and extinction, determine current conditions of biotic interaction by forming the 
current composition of species pools (Cornell and Harrison, 2014). Furthermore, the 
spatiotemporal dynamics of ancestral species’ distributions influence current species niches 
and distributions (Fitzpatrick et al., 2009). Therefore, studying the interplay of phylogenetic 
relationships among taxa and their environmental niches can help better understanding of 
processes driving current species distributions.  
Geological changes, (e.g., continent vicariance and topology change), shaped the current 
species distributions through their influence on ancestral species distributions. The past 
geological events influenced evolutionary processes as well by leading species to extinction, 
radiation or allopatric speciation. For instance, rapid species radiations of plants coincide 
with large scale topology change in the Cenozoic in the Andes (Hughes and Eastwood, 
2006, von Hagen and Kadereit, 2001). Environmental stability is another factor which can 
contribute to shaping current species distribution. For instance, biodiversity patterns relate 
closely to historical patterns of environmental stability through time (e.g., Nakazawa and 
Peterson, 2015, Zuloaga et al., 2019). Stable environments, which have been free from large 
scale changes, (e.g., climate and land cover changes), can offer organisms stable habitats 
where organisms are not required the energy to endure environmental changes (Gao and 





distribution can help better understanding of the historical legacy in current patterns of 
species and biodiversity. 
 
Phylogenetic relationships among species have been believed to explain species ecological 
patterns, because species functional traits are strong controls of a range of ecological 
phenomena. Phylogenetic relationships are commonly quantified by the measures of how 
closely species are related to each other genetically; and how long time has passed since 
the species has diverged from its ancestor species (divergence time). Phylogenetic niche 
conservatism is defined as “the tendency of species to retain ancestral ecological 
characteristics” (Wiens and Graham, 2005). Therefore, coincidences in patterns of 
ecological phenomena and phylogenetic relationships indicate phylogenetic niche 
conservatism. Due to the recent increase of availability in phylogenetic information, 
phylogenetic conservatism has been demonstrated in ecological phenomena, for example., 
variations in species functional traits (Martiny et al., 2013) and biome shifts (Crisp et al., 
2009). Phylogenetic conservatism in functional traits has been shown in a wide range of 
taxa; for example, microorganisms (Martiny et al., 2013), trees (Baraloto et al., 2012) and 
insects (Whitfeld et al., 2012).  However, the degree to which phylogenetic conservatism 
occurs in abiotic environmental niche, e.g., climatic niche, is not well understood for plant 
species (but see Jakob et al., 2007, Morin and Lechowicz, 2013, Qian and Ricklefs, 2004). 
So far, phylogenetic conservatism in climatic niche was reported mostly for animals, for 
example, amphibians (Bonetti and Wiens, 2014, Moen and Wiens, 2017), reptiles (Lin and 
Wiens, 2017) and primates (Duran and Pie, 2015). This study investigates the degree to 
which phylogenetic conservatism occurs in climatic niches of two open-habitat plant genera 
in New Zealand. 
 
The composition of New Zealand’s flora has been shaped by its dynamic geological history 
(McGlone et al., 2001, Winkworth et al., 2002). The 80-million-years isolation from the 
Australian continent limited intercontinental dispersal from outside New Zealand (Weissel 
and Hayes, 1977), and led New Zealand to develop its own fauna and flora. The biggest 
geological events in New Zealand, that happened after the isolation following separation 
from Gondwana, are the uplift of the Southern Alps (c. 3-5 million years ago; Heenan and 





and alpine habitats for plants (Winkworth et al., 2005). Due to the development of high-
elevation environments and glacial-interglacial cycles, the climate at low-lying terrestrial 
areas changed from subtropical climate to temperate climate during the Quaternary 
(McLoughlin, 2001). These changes led to notable speciation of plants within the last 5 
million years in New Zealand, for example, Danthonioideae (Linder et al., 2014), 
Ranunculus (Lockhart et al., 2001), Myosotis (Winkworth et al., 2002), Pachycladon 
(Heenan and Mitchell, 2003) and Hebe (Wagstaff et al., 2002). Extant lineages of open 
habitat plants in New Zealand should have experienced the rapid climatic and geographical 
changes during the Quaternary. Therefore, these changes could have contributed to shaping 
their current distributions. In this chapter, the two key plant genera occurring across open 
habitats in New Zealand are studied; Acaena (herbaceous) and Chionochloa (grasses). 
 
In order to understand the contribution of the past climate change in shaping current species 
distributions, this chapter investigates the relationship between species climatic niches and 
two key historical drivers of species distribution; environmental stability and phylogenetic 
relationships. To this end, this chapter addresses the following questions: 
1) Do species occur more frequently in environments that have been stably available than 
environments which their availability has changed thorough time? 
2) Do sister species with shorter divergence times occupy more similar climatic niches? 






5.2. Material and Methods 
5.2.1. Species phylogenies and taxonomy 
This study is based on analyses of the relationships between phylogenetic relationships and 
climatic niche patterns of 16 herbaceous Acaena species and 32 grass species from the 
genus Chionochloa in New Zealand (Table 5.1).  
Phylogeny trees were built for Acaena and Chionochloa genera, respectively. For Acaena, 
multi-locus, six genes (nuclear ITS + ETS - chloroplast rbcL, rpl16, trnL-trnF and petA-
psbJ) were used and eight genes (chloroplast matK, rbcL, ndhF, rpl16, trnL-trnF, trnD-
psbM, psbM-ycf6 and ycf6-trnC), for Chionochloa. GenBank 
(https://www.ncbi.nlm.nih.gov/genbank/) was screened for these genes. The genetic data 
were supplemented by sequencing samples obtained across New Zealand. The phylogeny 
trees were constructed for each genus using all the species whose genetic data were 
available, i.e., 19 species of Acaena and 34 species of Chionochloa. However, three Acaena 
species (A. rorida, A. minor var. minor and A. minor var. antarctica) and two Chionohcloa 
species (C. antarctica and C. frigida) were not used for the further analyses, due to their 
small number of occurrence records, i.e., < 10. The phylogeny trees were constructed using 
a software, BEAST ver.2 (Bouckaert et al., 2014) with substitution models, clock models 
and speciation priors which fit the genetic data of the studied species best. The constructed 
phylogeny trees identified sister species pairs. Among the pairs, five pairs in the genus 
Acaena and 10 pairs in the genus Chionochloa were used for the further analyses (Fig. 5.1 
and Table 5.1). Comparisons of extant taxa’s niche were applied in this study. The 
comparisons miss information on the directionality of niche evolution (Knouft et al., 2006), 
however, avoid the problems associated with reconstructing niches of hypothesized 
ancestors (Evans et al., 2009, Graham et al., 2004).  
Time since the divergence of two extant species, “divergence time”, was calculated for any 
pairs of the studied species, to quantify phylogenetic distances among species. Divergence 
time is defined as the time from when the target species speciated from their common 
ancestors to the present. Following molecular clock theory, divergence time of two species 
is represented by a branch length from their common ancestor node to their nodes, i.e., 
terminal nodes, in phylogeny trees. Note that the divergence time is relative values which 


















Table 5.1 Lists of species name, their node ID number in phylogeny trees and sister species names. 
Sister species was non-applicable (N/A) for species which have no sister species, or the number of 









A. anserinifolia ans 1 A. dumicola 
A. buchananii buc 2 A. tesca 
A. caesiiglauca cae 3 A. glabra 
A. dumicola dum 4 A. anserinifolia 
A. emittens emi 5 A. juvenca 
A. fissistipula fis 6 N/A 
A. glabra gla 7 A. caesiiglauca 
A. inermis ine 8 N/A 
A. juvenca juv 9 A. emittens 
A. microphylla var. mic. mic_mic 10 N/A 
A. microphylla var. pau. mic_pau 11 N/A 
A. novae-zelandiae nov 14 A. pallida 
A. pallida pal 15 A. novae-zelandiae 
A. profundeincisa pro 16 N/A 
A. saccaticupula sac 18 N/A 










C. acicularis aci 1 N/A 
C. australis aus 3 C. conspicua subsp. conspicua 
C. beddiei bed 4 C. cheesemanii 





C.  conspicua subsp. 
conspicua con_con 6 
C. australis 
C. conspicua subsp. 
cunninghamii con_cun 7 
C. flavescens subsp. lupeola 
C. crassiuscula subsp. 
crassiuscula cra_cra 8 
C. lanea 
C. crassiuscula subsp. 
torta cra_tor 9 
N/A 
C. defracta def 10 N/A 
C. flavescens subsp. brevis fla_bre 11 C. flavescens subsp. hirta 
C. flavescens subsp. 
flavescens fla_fla 12 C. macra 
C. flavescens subsp. hirta fla_hir 13 C. flavescens subsp. brevis 
C. flavescens subsp. 
lupeola fla_lup 14 
C. conspicua subsp. cunninghamii 
C. flavicans f. flavicans fla_f. 15 N/A 
C. juncea jun 17 C. rubra var. rubra 
C. lanea lan 18 C. crassiuscula subsp. crassiuscula 
C. macra mac 19 C. flavescens subsp. flavescens 
C. oreophila ore 21 N/A 
C. ovata ova 22 N/A 
C. pallens subsp. cadens pal_cad 23 N/A 
C. pallens subsp. pallens pal_pal 24 N/A 
C. pallens subsp. pilosa pal_pil 25 N/A 
C. rigida subsp. amara rig_ama 26 C. spiralis 
C. rigida subsp. rigida rig_rig 27 C. rubra subsp. cuprea 
C. rubra subsp. cuprea rub_cup 28 C. rigida subsp. rigida 
C. rubra subsp. occulta rub_occ 29 C. rubra var. inermis 
C. rubra var. inermis rub_ine 31 C. rubra subsp. occulta 
C. rubra var. rubra rub_rub 30 C. juncea 
C. spiralis spi 32 C. rigida subsp. amara 
C. teretifolia ter 33 N/A 






5.2.2. Species distribution data 
The distributions of the studied species were derived from published species occurrence 
records. Occurrence records of Acaena and Chionochloa were obtained from personal 
observation by K. M. Lloyd and J.B. Steel, surveys and reports (List A1) and location 
information from online databases, New Zealand Virtual Herbarium 
(http://www.virtualherbarium.org.nz) and New Zealand National Vegetation Survey 
(https://nvs.landcareresearch.co.nz). These occurrence records were converted to a raster at 5 
km grid resolution, to be overlaid on raster of climatic conditions. 
 
5.2.3. Climatic conditions 
In order to identify and quantify the species’ climatic niches, the gridded species occurrence 
data was overlaid with current gridded climate data at 5 km resolution. In order to identify 
stable climate conditions since the Last Glacial Maximum (LGM), current and past climatic 
conditions at 5 km grid resolution were overlaid. 
Current climatic conditions - In order to quantify currently occupied climatic niches of the 
studied species, the following four climate variables were used; annual mean temperature, 
minimum temperature of coldest month, annual precipitation and precipitation seasonality. The 
climate values of each location at 30 arc seconds resolution were extracted from 
WORLDCLIM version 1.4 (http://worldclim.org/version2; Hijmans et al., 2005), and then 
resampled to 5 km grid resolution. In order to capture the multi-dimensional climate space, an 
ordination, Principal Component Analysis (PCA; Venables and Ripley, 2002), was performed 
on the four climate variables using the “stats” package in R (R Core Team, 2017). The first two 
ordination axes, which explained 61.6% and 24.0% of the variation in the climate data, were 
used to delineate New Zealand climate space and species climatic niche space. 
Past climatic conditions - Climatic conditions of the LGM (c. 22,000 years ago) were derived 
from WORLDCLIM version 1.4. The LGM climatic conditions were simulated with a global 
climate model, MIROC-ESM (Fig. A3). The climate conditions were obtained at 2.5 arc 
minutes grid resolution and resampled to 5 km grid resolution. Studied area was limited to the 





covered the current terrestrial land area of New Zealand (Fig. A3). In order to identify climatic 
space of the LGM climate conditions, values of the above ordination axes were calculated for 
the LGM climatic conditions.  
 
5.2.4. Pre-human and current land cover data 
In order to identify stable habitats for open habitat plants, pre-human and current land cover 
data in New Zealand were processed (see Chapter 2). New Zealand’s pre-human land cover 
was derived from modelled spatial data of potential suitability of New Zealand’s key forest 
tree species at 100 m grid resolution (Leathwick et al., 2004). Current land cover was derived 
from the latest version of the New Zealand land cover polygon data, ‘LCDB4’ (Landcare 
Research Informatics team, 2015). Primary and secondary open areas are defined as; 
I) Primary open area: Grid cells that continuously had open habitat, i.e., are non-forest land 
cover in pre-human and current times. The cells are treated as “stable habitat” for open 
habitat species. 
II) Secondary open area: Grid cells that only had open habitat since human arrival, i.e., had 
forest land cover in pre-human times and non-forest land cover currently. The cells are 
treated as “less stable habitat” for open habitat species. 
 
5.2.5. Climatic niche volume in stable environments 
It was hypothesized that species occupy more environments which have been stably available 
than environments where the availability has changed through time. Species climatic niche 
volume in stable environments was compared with their climatic niche volume in other, i.e., 
less stable, environments, to test this hypothesis.  
In this study, “species climatic niche in stable environments” was defined as stable climates in 
stable habitats that are occupied by species. Stable habitat is defined as primary open areas, i.e., 
the areas where have been open before and after the human settlement, c. 800 years ago. Stable 





conditions. Therefore, volume of species climatic niche in stable environments was quantified 
as the volume of overlap between (i) climate space of primary open areas that are occupied by 
species, and (ii) the LGM climate space (Fig. 5.2). The volume was calculated as Schoener’s 
D (Schoener, 1968) using “ecospat” R package (Broennimann et al., 2012). The volume = 0 
indicates that the species do not currently occur in stable environments. In order to investigate 
whether species occur more frequently in stable environments than less stable environments, 
the proportions of species climatic niche volume in stable environments over species climatic 
niche volume across all environments was calculated as; 
Proportion of species climatic niche volume in stable environments = (species climatic 
niche volume in stable environments) / (species climatic niche volume across all 
environments)  
Species climatic niche volume across all environments was quantified as niche overlap between 
each species and the New Zealand climate space. The proportions > 0.5 indicate that the species 
occur more frequently in stable environments than less stable environments; which are less 
stably available habitats (i.e., currently closed forests and secondary open areas) or have less 
stable climate (i.e., areas with the climates which are not similar to the LGM climate 
conditions).  
 
Fig. 5.2 Species climatic niche in stable environments. (a) Occurrence records of an example species 





open area. Species occurrence records in less stable habitats, i.e., secondary open area or non-open 
habitats, are shown in brown. (b) Climate conditions of the species occurrence records, i.e., species 
climatic niche, in stable habitat (green) were plotted on 2D ordination space. The overlap of the 
species climatic niche (green) with the LGM climate space (pink) was calculated as the volume of the 
species climatic niche in stable environments. 
 
5.2.6. Climatic niche similarity  
In order to test whether species climatic niches are more similar to closely related species than 
other species, climatic niche similarity between sister species was compared with the similarity 
between randomly chosen species, following the method of (Anacker and Strauss, 2014). A 
sister species pair consists of two genetically closest species to each other among extant species. 
As random species pairs, the same number of non-sister pairs as the number of sister pairs were 
randomly chosen from any studied species. The climatic niche overlaps between these pairs 
were calculated using Schoener’s D. High values indicate high similarity in climatic niche 
between the pair of species; low values indicate low similarity.  
 
5.2.7. Statistical analyses 
There are several methods to test phylogenetic niche conservatism; for example, comparing 
niche similarity between closely related species pairs and randomly chosen species pairs 
(Anacker and Strauss, 2014), relating niche evolution rates within clades and niche values of 
the clades (Title and Burns, 2015), and showing the strength of a phylogenetic signal in the 
target phylogeny tree (Peixoto et al., 2017). This study used the approach comparing climatic 
niche similarity between sister species pairs and randomly chosen species pairs, because the 
approach requires no assumptions about niche evolution. In order to investigate whether 
phylogenetic relationships and environmental stability explain current species climatic 
niches, the following three analyses were implemented, separately for Acaena and 
Chionochloa; 





In order to test whether sister species pairs occupy climatic niches that are more similar to each 
other, compared to non-sister species pairs, the difference between the climatic niche similarity 
of sister species pairs and random species pairs were tested by t-test using R package “stats”. 
The sampling of random species pairs and the t-test of the difference were repeated 100 times.  
II. Climatic niche overlap between sister species and their divergence time 
In order to test whether sister species which have spent a longer time since their divergence 
have a less similar climatic niche, the correlation between climatic niche similarity between 
sister species pairs and divergence time was tested by generalized linear models, using the R 
package “stats” with a normal error function and an identity link.  
III. Species climatic niche volume in stable vs. non-stable environments 
In order to test whether species occupy more climates which have been stably available than 
climates that their availability changed through time, the mean of proportions of species 








5.3.1. Current species distributions and climatic niches of Acaena and Chionochloa 
Acaena species generally occupy larger areas than Chionochloa; the range of any Acaena 
species ranged from 10 (A. emittens) to 1622 (A. anserinifolia), while the range of Chionochloa 
species ranged from 7 (C. nivifera and C. rubra var. inermis) to 513 (C. conspicua subsp. 
conspicua) (for the distributions of each species, see Fig. A4). Both Acaena and Chionochloa 
mainly occur in the South Island (Fig. 5.3), where larger open habitats are available than the 
North Island; 57.7% of the current open habitats in New Zealand are present in the South Island. 
The mean elevation over occurrence records of any Chionochloa species was 819 m, while 
Acaena; 653 m. This indicates that Chionochloa species generally occur at high elevation, i.e., 
montane areas, in New Zealand, and their habitats are present at higher elevations than Acaena 
species.  
The climatic niche volume of all occurrence records of the genus Acaena (Schoener’s D; 0.73) 
was larger than the one of Chionochloa (Schoener’s D; 0.69). The large niche overlap between 
these genera (Schoener’s D; 0.61) indicated a high similarity in their climatic niches (Fig. 5.3). 
The mean of species climatic niche volume over any studied Acaena species (0.31) was larger 
than the one of Chionochloa species (0.21), indicating that Acaena species generally occupy 
larger climatic niches than Chionochloa species. Many species of Chionochloa occur more 
frequently in dry environments than wet environments where many of Acaena species mostly 






Fig. 5.3 Distribution and climatic niche of Acaena (a) and Chionochloa (b). Species occurrence records 
at 5km grid resolution were mapped in the left, and climate niche of the genus were shown in the 
right. Blue points show species occurrence records. Current climate space of New Zealand is shown 






5.3.2. Species climatic niche in stable environments 
In this study, stable environments were defined as primary open habitats with similar climates 
to the LGM climates. Some of primary open areas have climates that were not present at the 
LGM (Fig. 5.4). These areas are characterised by warm climates. Therefore, species that 
frequently occur in warm climates can have small proportions of species climatic niche volume 
in stable environments. 
In order to test whether species occupy more climates which have been available since the 
LGM than climates which experienced large changes, species climatic niche volume in stable 
environments was quantified and compared with those in less stable environments. Species 
climatic niche volume in stable environments was calculated as the overlap between climatic 
space of primary open areas that are occupied by a species and the LGM climate space.  
Effects of environmental stability on species distributions were investigated using proportions 
of species climatic niche volume in stable environments. The mean of proportions of species 
climatic niche volume in stable environments over Acaena species was 0.44; the mean over 
Chionochloa species was 0.34. This indicates that Acaena species generally have larger 
climatic niche in stable environments than Chionochloa species (Fig. 5.5). Five of 14 Acaena 
species occupy more of stable environment than less stable environment, so does six of 22 
Chionochloa species. This indicates that these species occur more frequently in stable 
environments than other environments.  
Species with larger range size, or niche volume, seem to have larger proportions of species 
climatic niche volumes in stable environments (Fig. 5.5). Closely related species do not appear 
to have similar proportions of species climatic niche volumes in stable environments (Fig. 5.6), 
indicating that the effects of environmental stability on species distribution is not 
phylogenetically conserved. 
The results indicate that any studied species do not necessarily occupy stable environments 
more than less stable environments. Therefore, environmental stability does not strongly 






(a)                                                                                          (b)
 
Fig. 5.4 Distribution of stable land cover, and past and current climate conditions in New Zealand. 
Land areas of New Zealand at the present (grey) and the LGM (pink) shown in geographic (a) and 
climatic space (b). Blue points indicate stable open habitats, i.e., primary open habitat that were 



















Fig. 5.5 Proportions of species climatic niche in stable environments, species climatic niche volume 
and species range size.  For Acaena and Chionochloa, species climatic niche volume in all environments 





climatic niche in stable environments are plotted against species niche volume in all environments (c) 
and species range size (d), and their spline curves are added. Stable environments were defined as 
stable open habitats, (areas that were open before the human settlement and are open now), with 
stable climates, (climates that are similar to the LGM climates). Species climatic niche volume in stable 
environments was quantified as the volume of the overlap between the climatic space of primary open 
areas occupied by species and the LGM climate space. Then, proportions of species climatic niche 
volume in stable environments was calculated as; species climatic niche volume in stable 
environments divided by species climatic niche volume across all environments. Species climatic niche 
volume across all environments was quantified as niche overlap between each species and the New 
Zealand climate space. The proportions > 0.5 indicate that the species occupy more of stable 














Fig. 5.6 Proportions of species climatic niche in stable environments and phylogenetic relationships, 
for Acaena (a) and Chionochloa (b). In these figures, species climatic niche in stable environments are 
shown as 0 for species that have no or small number of occurrence records in stable environments. 
 
5.3.3. Climatic niche similarity between sister species   
Climatic niche similarity between sister species was compared with the similarity between 
randomly chosen species. Sister species pairs did not show significantly more/less similar 
climatic niche to each other than random species pairs; Acaena sister species showed 





t-tests, and Chionochloa did so in two times of the tests. This suggests that, for species studied 
here, their niches in the studied climatic variables (temperature and precipitation) are not 
phylogenetically conserved.  
Climatic niche similarity of Acaena sister pairs showed a negative relationship with their 
divergence time, while Chionochloa showed a significant positive relationship (Acaena; p = 
0.34, Chionochloa; p = 0.04. Fig. 5.7). This indicates that, for Chionochloa species, species 
with longer divergence time are likely to have more similar climatic niche.  
 
(a) Acaena      (b) Chionochloa 
 
Fig. 5.7 Relationships between divergence time and climatic niche similarity between sister species of 
Acaena (a) and Chionochloa (b). Climatic niche similarity was quantified as climatic niche overlap 
between sister species. Numbers above points show node ID numbers of one of the sister species 






The aim of this research was to understand how historical drivers, i.e., evolution and 
environmental stability, contribute to shaping current species niches for two characteristic 
open-habitat genera in New Zealand. The main findings are; (i) the studied species do not 
necessarily occupy stable environments more than less stable environments; (ii) sister 
species studied here do not necessarily have more similar climatic niche to each other, 
compared to non-sister species; and (iii) Chionochloa species showed a significant linear 
relationship between species climatic niche volume and divergence time, but Acaena 
species did not.  
 
5.4.1. Effects of environmental stability on plant distributions 
The results showed that less than half of the studied species occupy more of stable 
environment than less stable environment. This indicated that the studied species do not 
necessarily occupy stable environments more than less stable environments (Fig. 5.5a). 
Travis and Dytham (1999) suggested that habitat stability influences species distribution 
by demonstrating that organisms tend to stay within stable habitats by simulation models. 
However, they also showed a non-monotonic relationship between habitat stability and 
dispersal rate for habitats that persist for an average of ten times the length of a generation. 
This suggests that the long-term environment stability does not necessarily show linear 
relationship with species occupancy of stable environment. The climate and land cover 
changes considered in this study occurred c. 22,000 years ago (the Last Glacial Maximum) 
and c. 800 years ago (the first human arrival in New Zealand). The time since these changes 
is longer than ten times the length of a generation time of Acaena and Chionochloa. This 
can be the reason why the species occupancy in stable environments did not show clear 
difference from the occupancy in less stable habitats. 
As discussed in Chapter 4, the difference between current and the LGM climatic 
conditions are less pronounced in New Zealand than in Europe, where several studies 
have demonstrated an effect of the LGM climate on current species distributions (e.g., 
Dullinger et al., 2012, Svenning and Skov, 2004). The patterns of historical environment 
stability are more likely to coincide with current species distributions in regions where a 





The results shown in this chapter indicated that Chionochloa species with longer 
divergence time are likely to have more similar climatic niches. They are opposite to my 
hypothesis about the relationship between divergence time and climatic niche similarity. 
My hypotheses might not be quite valid because of the following two reasons. First, the 
length of divergence time and climatic niche similarity are not guaranteed to be linearly 
correlated (Gerhold et al., 2015). Second, the climatic similarity quantified in this chapter 
is not very likely to show high correlation with genetic relatedness. The climatic 
similarity of species quantified in this chapter is based on observed occurrence records 
reflecting realized niche of species (Hutchinson, 1957). Realized niche is driven not just 
by the species physiological traits but biotic interactions, for example, interaction with co-
occurring species. Therefore, the climatic similarity of species quantified in this chapter 
does not necessarily reflect the phylogenetic relationships between species. 
 
5.4.2. Phylogenetic conservatism of species climatic niche 
The results of this study did not support phylogenetic conservatism in species climatic 
niches for Acaena, but it partly did so for Chionochloa. Also, the hypothesis that closely 
related species have more similar climate niche than distantly related species was not 
entirely supported by the results (Fig. 5.7). The relationship of climatic niche similarity 
between sister species with the divergence time was not consistent among the studied 
genera. So far, many researches failed detecting phylogenetic conservatism in geographical 
patterns of ecological phenomena (e.g., species distribution) (Warren et al., 2014). 
However, are the results of this study enough evidence for no phylogenetic conservatism 
in climate niche?  
The spatial scale of study areas can be related to the detectability of niche conservatism. 
Studies which have detected niche conservatism are often conducted at global spatial scales 
(e.g., Cavender-Bares et al., 2006, Crisp et al., 2009, Peixoto et al., 2017). At smaller scales, 
the environmental ranges within the study areas can be relatively narrow. Niche 
conservatism might be harder to detect within smaller environmental range. This study was 
conducted at national scale for New Zealand. The spatial scale can be the reason why the 
results do not fully support phylogenetic niche conservatism for the studied species. 





undetectable at species level, but possibly more easily detectable at higher taxonomic levels. 
At the broader taxonomic scale, plant species traits tend to be conserved (Cavender-Bares 
et al., 2006). Therefore, the broader the taxonomic scale of a study is, the stronger the 
phylogenetic conservatism may be found. The phylogenetic conservatism in climatic niches 
is often found at order and family level (Gomez-Rodriguez et al., 2015, Peixoto et al., 2017), 
but not at species level. The same logic seems to work for other types of biogeographic 
patterns; phylogenetic conservatism of range size was documented in different clades 
(Blackburn and Hawkins, 2004, Freckleton et al., 2002, Freckleton and Jetz, 2009), but not 
at species level (but see Bohning-Gaese et al., 2006). 
The most basic assumption in ecological studies using phylogeny is that phylogenetic 
dispersion reflects trait dispersion (Gerhold et al., 2015). However, adaptation to a new 
environment can lead to changes in the species’ realized niche without genetic evolution, 
hence no change occurs in phylogenetic patterns (Warren et al., 2014). For example, studies 
of invasive plant species have shown that plants can adapt to a wide range of climate, and 
their climatic niche in a new habitat can be different from the one in their original habitat 
(Wasof et al., 2015). Biogeographical patterns, (e.g., species range size), will be best 
conserved phylogenetically, if the transmission of biological characters is associated with 
a spatio-temporal stability of environmental conditions. This may specifically apply to 
organisms whose dispersal is largely controlled by the environment; for example, 
ammonites which are supposed to achieve their long-distance dispersal essentially through 
passive planktonic drift (Zacaï et al., 2017). However, the transmission of biological 
characters of the species studied here, (i.e., seed dispersal and pollination), is NOT largely 
controlled by the climatic variables that were considered in this study. Animal dispersal 
genus (Acaena) and gravity dispersal genus (Chionochloa) showed different trends in 
phylogenetic niche conservatism in climatic niche between. The difference indicated that, 
for animal dispersal species, the biogeographical patterns are more likely to coincide with 
the patterns of seed dispersers than their features that are phylogenetically conserved, (e.g., 
dispersal traits and divergence time). Therefore, the distributions of Acaena species are less 
likely to coincide with the patterns of long-term evolutionary changes than Chionochloa 
species. 
The ordination of climatic variables might have obscured the phylogenetic conservatism of 
climatic niche. Single direction of the relationship between phylogenetic conservatism and 





extent of niche conservatism can vary among variables (Losos, 2008). For example, Olalla-
Tarraga et al. (2011) examined the niche of 20 variables (19 climatic variables from 
BIOCLIM and vegetation index) separately and different variables showed different 
phylogenetic conservatism, even though some of BIOCLIM variables are similar to each 
other. In this study, the four climatic variables were summarized into two ordination axes, 
where climatic niche volume and overlap were quantified. This study tested correlation of 
species niche similarity on climate space made of two ordination axes (temperature and 
precipitation axes) with divergence time. However, if temperature niche of the species is 
phylogenetically conserved but precipitation niche is not, more closely related species 
would not necessarily have larger niche overlap than other species, on the 2D climate space 
that is made of temperature and precipitation axes. Therefore, small niche overlap on the 
space is not enough evidence for no phylogenetic conservatism in climatic niche.  
 
5.4.3. Limitations 
Even though the phylogeny trees used in this study were fully resolved, i.e. all nodes are 
bifurcating, there is still uncertainty in their accuracy. The accuracy of phylogeny trees can 
vary depending on sampling design and methods of tree construction (Nabhan and Sarkar, 
2012, Rangel et al., 2015). Ignoring extinct species on the construction of phylogeny trees 
is assuming that the extant species represent unbiased and representative samples of all 
species in the clade (FitzJohn et al., 2009). However, estimating niches of extinct species 
needs calibration with fossil records which were not available for the studied genera in this 
study; also, this generates another uncertainty in the constructed phylogeny trees, for 
example, wrong estimate for speciation date, due to errors in fossil dating (Forest, 2009). 
Therefore, this study used only extant species to construct phylogeny trees. 
 
5.4.4. Conclusion 
Current species niches can be the results of the combination of the currently existing drivers 
and the drivers which shaped their niches in the past but are not present now. This study 
aimed to understand how historical drivers, i.e., phylogenetic relationships and 





contribute to shaping current species niches. The main findings are; (i) the studied species 
do not necessarily occupy stable environments more than less stable environments; (ii) 
sister species studied here do not necessarily have more similar climatic niche, compared 
to non-sister species; and (iii) Chionochloa species showed a significant linear relationship 
between species climatic niche volume and divergence time, but Acaena species did not. 
For the studied plant species, environmental stability appears to not largely contribute to 
shaping their distributions. However, in areas where the magnitude of past climate change 
was larger than New Zealand, environmental stability might have stronger roles in shaping 
current distributions of plants. Gravity dispersal species indicated phylogenetic 
conservatism in their climatic niche, but animal dispersal species did not. This can be 
because the influence of animal dispersal on species distributions is stronger than gravity 
dispersal. Therefore, the biogeographical patterns of animal dispersal species, e.g., patterns 
in species climatic niches, are less likely to coincide with the patterns of historical drivers 
than gravity dispersal species. This study has shown that historical drivers, i.e., 
phylogenetic relatedness and long-term environmental stability, would not largely 
contribute to shaping the current distributions of plant species with high dispersal ability as 
the investigated species here. Thus, the contribution of past climate change in shaping the 





Chapter 6: General Discussion 
The aim of this thesis is to investigate how the interplay of past climate change, recent 
anthropogenic land cover change, and phylogenetic relationships have contributed to 
shaping climatic niches and geographic distributions of species from two typical open-
habitat plant groups in New Zealand. This chapter provides a detailed discussion of the 
relationship of current species distributions and four key facets: i) the relevance of 
changes in environmental conditions for species distributions; ii) the influence of past 
environmental conditions; iii) genetic signals and trait patterns in current species 
distributions and iv) conservation applications of the findings of this study. 
 
6.1. Spatiotemporal changes in environmental conditions 
Life on Earth is subject to changing environmental conditions over both short and long-
time scales. Climate is the key determinant of the spatial distribution of species at large 
spatial scales (Pearson and Dawson, 2003). As climate conditions change, so do spatial 
patterns of available climates across landscapes and this in turn will affect the spatial 
distribution of species. Climate change velocity is a measure that quantifies such spatio-
temporal dynamics and can be used to quantify and map, for any given location, how far 
away particular climatic conditions are from that location as climate changes over time 
(Loarie et al., 2009). As shown in Chapters 3 and 4, the spatial availability (extent) of 
current climatic conditions at the time of the Last Glacial Maximum in New Zealand 
shows high levels of variation within the country: the current climate of the West Coast 
and Northland regions was only present in very small parts of New Zealand at the LGM, 
whereas the current climate of, for instance, the Southland region was present at large 
spatial extents at the LGM (Strandberg et al., 2011). Assessments of this type allow for 
the analyses of potential distances a species would have to move or disperse in order to 
stay within its current climatic niche but without needing to have detailed knowledge of 
the species’ niche (Loarie et al., 2009, Ohlemüller et al., 2006, Williams and Jackson, 
2007)). Predicted future climatic velocities may be considerably higher in places where 
current velocities are small, i.e., areas with similar climates will be considerably further 





conservation because species occurring at these locations might fail to be able to keep up 
with the spatial shift required to stay in their currently occupied climatic conditions. 
In order to assess the ecological impacts of climate change on ecosystems, such location-
based (rather than species-based) metrics have been developed recently; these include 
measures of climatic change velocity and analogous climates (e.g., Burrows et al., 2011, 
Burrows et al., 2014, Loarie et al., 2009, Williams and Jackson, 2007). However, these 
metrics do not provide information on the actual extent of areas with similar climate 
conditions and how this extent changes over time. However, the extent and spatial 
arrangement of climatically analogous areas will have direct relevance for the geographic 
distribution of the species which are able to exist in these conditions. Therefore, 
quantification of the availability (extent) of climatically analogous areas as done in this 
thesis helps to better understand how spatial patterns of biodiversity, (e.g., climatic 
rarity/heterogeneity vs species endemism; Zuloaga et al., 2019), emerges in response to 
spatial pattern in climate and provides useful information for conservation strategies. The 
key advantages of the new index presented here compared to existing methods are that the 
index does not depend on species distributions and arbitrary climatic-suitability 
thresholds. In Chapter 4, the index showed that alpine areas experienced a smaller change 
in availability of their climatic conditions since the LGM than lowland areas of New 
Zealand did. Future anthropogenic climate change is predicted to be more rapid than the 
change since the LGM (Intergovernmental Panel on Climate Change 2017, Otto-Bliesner 
et al., 2006a) indicating that. The impacts of future climate change on the spatial 
distribution of the environmental conditions underlying the spatial distribution of species 
and ecosystems might be larger than those from climate change since the LGM. 
Next to climate change, land cover change is a key driver leading to large-scale and 
potentially rapid changes in the spatial configuration and functioning of ecosystems. 
Globally, deforestation and urbanisation has occurred primarily in low-lying, flat and 
warm areas, because of the advantages for human living and agricultural proposes 
(Curran et al., 2004, Ewers et al., 2006, Lawton et al., 2001). In Chapter 2 of this thesis, 
the investigated open-habitat species showed a range of responses in their spatial 
distribution to recent land cover change that resulted in more open habitat; land cover 
change might have triggered the shifts of factors controlling open-habitat plant 
distributions from the competition with forest trees to current environmental conditions. 





small areas with narrow climate breadths such as alpine areas and some semi-arid regions 
in the centre of the South Island (Leathwick et al., 2004). Therefore, open-habitat species 
could not fully occupy their climatically suitable regions. Recent land cover change 
released them from these restrictions and their current species distribution is more likely 
to be controlled by current climatic conditions.  
 
6.2. Past influences on current species distribution 
Current species distributions are shaped by a combination of present-day and past 
environmental conditions driving ecological and evolutionary processes (Donoghue, 
2008, Ordonez and Svenning, 2017, Sandel et al., 2011). A species’ current distribution is 
therefore likely to be a non-random spatial pattern, even if current ecological filters were 
absent (Donoghue, 2008). Chapter 4 showed that current climate conditions appear to 
play a stronger role than past (LGM) climate change in shaping the current distributions 
of the open-habitat plant species investigated here. However, this result does not 
necessarily translate to other parts of the world. In areas where climate change velocity 
and associated changes in the spatial distribution of climatic conditions are more 
pronounced (e.g., Europe; Strandberg et al., 2011), the current distribution of tree species 
often reflects a legacy of the patterns of ice sheet cover at the LGM (e.g., Dullinger et al., 
2012, Svenning and Skov, 2004) with many species having not yet managed to fully 
recolonise their potential range. 
Non-linear change in climates through time can be a reason for the lower importance of 
past climate conditions compared to present conditions in shaping current species 
distributions. Temperature has not changed linearly since the LGM but included many 
small shifts and oscillations (e.g., Davis et al., 2003). As changes in species distributions 
follow the small changes in climate, current species distributions do typically not reflect 
the patterns of climate change between two points in time (LGM and now) but rather are 
a snapshot of the outcomes of the recent, non-linear changes in climate conditions. 
Historical environmental/climatic stability can facilitate the spatial stability of species 
distributions; individuals of a species will find it easier to maintain populations at 
locations where the environment is stable because the energy requirements to adapt to 
environmental change can be saved at those locations (Gao and Liu, 2018). For the open 
habitat plants in New Zealand investigated here, spatial patterns of historical climatic 





stability might play stronger roles for shaping current distributions of plants in areas 
where the magnitude of climate change during glacial-interglacial cycles is more 
pronounced than in New Zealand (e.g., Europe and North America). 
 
6.3. Species phylogenies and adaptability to environmental changes 
Genetically similar, i.e., closely related, species can respond to environmental changes 
similarly, because they are expected to have similar morphological and/or physiological 
traits (Gerhold et al., 2015). Attempts to detect phylogenetic conservatism in geographical 
patterns of ecological phenomena (e.g., species distributions) often fail (Warren et al., 
2014). In this thesis, results show that even closely related species showed a range of 
different responses to recent anthropogenic land cover change and influences of past 
climate change on their current distributions. Closely related species are expected to have 
similar ecological features because phylogenetic dispersion is assumed to reflect trait 
dispersion (Gerhold et al., 2015). However, adaptation to a new environment can be 
expressed phenotypically (rather than genetic changes) and can lead to changes in a species’ 
distribution without genetic evolution. Therefore, the realised climatic niches of two 
species and their associated geographic distributions do not necessarily reflect the patterns 
of genetic relatedness between the species. Biogeographical patterns, such as species 
distributions, will be best conserved phylogenetically if the transmission of biological 
characters is associated with a spatiotemporal stability of environmental conditions, 
especially for species whose dispersal is largely controlled by the environment (Zacaï et al., 
2017). For the studied species, the transmission of biological characters, (i.e., seed dispersal 
and pollination), is not likely to be strongly controlled by the climatic variables that were 
considered in this study which might explain why no strong phylogenetically conserved 
patterns were found in the species’ climatic niches. 
Another explanation is that the climatic variables used in this thesis to characterise the 
climatic niches of the species might not be the main drivers of the species’ distributions. 
The biological traits of species are essentially distributed across a landscape through seed 
dispersal, which can be facilitated by animals, gravity and wind. Chionochloa species with 
long awns should be predominantly wind dispersed,  and it is reasonable to assume that for 
such wind-dispersed clades, the potential range of species should be more likely to be 
occupied compared to more dispersal-limited species and therefore the climatic niches of 





The climatic niches and geographic distributions of the studied species did not seem to be 
strongly influenced by historical filters such as evolutionary history (evidenced through, 
for instance, phylogenetic relationships) or environmental stability. This indicates that the 
current distributions of the open-habitat species investigated here are more likely to be 
determined by current ecological process (e.g., current climate conditions and dispersal 
processes). The influence of dispersal process on current species distributions, however, 
differed between the two dispersal types. The patterns in current climatic niches of animal 
dispersal species (i.e., Acaena species) did not necessarily coincide with phylogenetic 
relationships, but for wind-dispersal species (i.e., Chionochloa species) the climatic 
niches were closely linked to phylogenetic patterns. The distributions of animal dispersal 
species are less likely to be fully determined by climatic conditions, but by the patterns of 
their seed dispersers (i.e., birds and human transportation). On the other hand, the 
distributions of wind-dispersed species are more likely to be determined by climatic 
conditions than animal-dispersed species, because their seed dispersal is not controlled by 
biotic factors.  Therefore, the biogeographical patterns of animal-dispersed species are 
less likely to show relationships with patterns of long-term evolutionary and 
environmental changes, i.e., phylogeny and long-term environmental stability, than the 
patterns of wind-dispersed species do. 
In this study, closely related sister species did not necessarily have more similar climatic 
niches than more distantly related species. A possible explanatory scenario is that because 
climate niches are expressed as realised niches based on the species’ current distributions, 
some of the species studied might not occupy the full range of suitable climates. This 
means that closely related sister species might differ in their realised climate niches, 
simply because populations of the species occur in areas where other climatic conditions 
are not present; or the species simply not have had enough time to occupy the full range 
of suitable climates since their divergence. This latter scenario is also supported by the 
result that Chionochloa species pairs with longer divergence times showed more similar 
climatic niches than pairs that diverged more recently. If their realized niches reflect full 
range of suitable climates, and the species’ climate niches are determined by their 
genetically conserved traits, more closely related species are more likely to have similar 





6.4. Conservation applications 
Anthropogenic land cover change is the key driver of recent and rapid changes to both the 
extent and the spatial patterns of the geographic distributions of species (Ewers et al., 
2013, Foster et al., 2003, Thuiller et al., 2014). However, species typically do not respond 
to anthropogenic actions directly but to the altered environmental conditions following 
human actions. For the majority of species, science lacks a detailed understanding of the 
relationship between a species’ ecology and distribution and the environment, making 
quantitative assessments of species responses to environmental change difficult. 
Therefore, indices quantifying simply the spatial arrangement of environmental (e.g., 
climate) conditions under environmental change can provide useful insight for 
conservation purposes; indices such as the ones presented in this thesis, help to quantify 
and map changes in extent and spatial configuration of the physical environment which 
then will determine the ‘layer’ of species occupying these environments (Loarie et al., 
2009, Williams and Jackson, 2007). Under  future climate change, organisms may have to 
shift their current distributions much faster than they are actually able to in order to stay 
within climatic conditions that they are currently adapted to. (Aitken et al., 2008, Corlett 
and Westcott, 2013). The spatial availability index of climate conditions introduced in 
Chapter 4 can quantify how much area is available within a specific neighbourhood and 
can help to identify candidate areas for future habitats for species translocation projects. 
The index can also shed light on how the spatial connectivity of climates/habitats 
contributes to shaping species distributions.  
As shown in Chapter 2, the relationships between current species climatic niches and 
recent land cover change, can give an insight into the likely spatial response of species to 
spatial changes in habitat; this is particularly true for open-habitat species in New Zealand 
as the spatial distribution of open, i.e., non-forest habitat has dramatically changed since 
human arrival. This method is also applicable to closed habitat, i.e. forest species but with 
reverse reasoning; investigating which parts of the climatic niches of understory forest 
species are lost as forest habitat area decreases can give insights into the climatic 
conditions most likely to under pressure within a species range. 
 
6.5. Limitations and future work 
This section outlines three overall limitations of the research undertaken here and 





Taxonomic coverage - The research presented in this thesis considers only two genera. 
The analyses presented rely on open-habitat taxa that contain a number of species for 
which both phylogenetic trees and accurate distribution data are available. These criteria 
limited the scope of these analyses to two genera, Acaena and Chionochloa. The results 
related to dispersal mode are generalizable only to a limited extent, because only one 
primarily animal-dispersed genus and one primarily wind-dispersed genus was 
investigated. Future work on relationships between species’ niches, traits and 
phylogenetic relationships in relation to climate and land use change can take advantage 
of the ever-increasing availability of species distribution, trait and genetic data.  
Spatial resolution - The studies in this thesis are based on a land cover classification of 
closed and open habitats, at 1 km and 5 km grid resolutions and species occurrence 
records at finer spatial resolution. Given the coarse resolution of land cover data, an 
occurrence record may have occurred in a land cover type within a grid cell that was not 
captured by the classification at these resolutions. However, this will primarily influence 
occurrence records in areas where closed and open habitats co-occur in small patches, and 
these are not common in New Zealand. It is unlikely that this spatial uncertainty strongly 
affected the metrics of proportional species occupancies in different habitat types as for 
instance used in Chapter 2. Therefore, the grid resolutions chosen here provide a 
meaningful representation of small-resolution land cover patterns at large (national) 
spatial scales. Future studies would benefit from detailed surveying of species 
occurrences along closed- to open-habitat gradients across the full climatic niche 
spectrum of the investigated taxa.  
Current vs past spatial data – This research only considers present-day species 
occurrence records, because spatially explicit, country-wide data on past, i.e., pre-human 
and the LGM species distributions, are not readily available. Chapter 2 seeks to detect 
signals in current species distributions in response to land cover change that has happened 
over the relatively short period of 800 years. This time span might not be long enough for 
species to change their distribution in response to these land cover changes. However, it is 
likely that, for the short-generation herbaceous species studied here, sufficient 
opportunity has existed over the last 800 years to disperse into new areas of open habitat. 
Chapters 4 and 5 seek to detect signals in current species distributions in response to 
climate change since the LGM, which arguably should be long enough for species to 
change their distribution in response to the climate change (but see above discussions 





In the absence of country-wide spatially explicit data on pre-human land cover, Chapter 2 
relies on modelled gridded pre-human land cover data. Although this comes with some 
level of uncertainty for specific regions, the overall and general patterns of forest vs non-
forest habitat in pre-human times in New Zealand are well supported from 
palaeoecological evidence. Finally, analyses of climate change were limited two distinct 
time periods, i.e., the LGM and current time period. Therefore, the climate stability 
quantified in this thesis does not account for climatic oscillations that may have occurred 
throughout the last 22,000 since the LGM, which will likely have had impacts on the 
spatial distributions throughout this period. Future work can take advantage of the 
increasing availability of spatially explicit climate data at finer temporal resolutions 
(Otto-Bliesner et al., 2006b). 
 
6.6. Conclusions 
Current species distributions are shaped by the complex interplay of evolutionary and 
ecological processes playing out on a matrix of ever-changing physical environmental 
conditions. Understanding the relative importance of natural and anthropogenic drivers 
for the spatial distribution of species for different taxa and regions aids conservation 
planning and management of species and ecosystems under environmental change. This 
thesis investigated the interconnected roles of a) past and current climatic conditions, b) 
the spatial arrangement of past and current climatic niche conditions, c) recent 
anthropogenic land cover change, and d) evolutionary legacies on current geographic 
distributions of typical open-habitat plant species in New Zealand. The results showed 
that, for the open-habitat plant species investigated here, current climate conditions are 
more important for explaining current species distributions than past climate conditions. 
The degree to which evolutionary processes influence current species distributions was 
more pronounced in the genus with lower dispersal ability. Closely related species did not 
necessarily have more similar climatic niches than distantly related species. This research 
on climatic niche in relation to phylogenetic structure and geographic distributions can 
help to explain the degree to which species ranges have changed since the emergence of a 
species. Interesting patterns emerged in the spatial distribution of past and current 
climatic conditions how the extent of rare and common climates across New Zealand as 
changed. These patterns can help explain some of the biodiversity and endemism patterns 





drivers in shaping current species niches and distributions, and shows that the current 
distributions of open-habitat plant species are the result of a range of responses to past 
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Fig. A1 Islands of New Zealand 
 





(a) Annual mean temperature 
 







(c) Annual precipitation 
 
(d) Precipitation seasonality 
 
Fig. A3. Maps and histograms of four climate variables at the current time (left in each panel) 
and the Last Glacial Maximum (right in each panel); annual mean temperature (a), minimum 




























































Figure A4. Maps of observed species distributions (left), occurrence probability of species at the 
current time (middle) and occurrence probability of species at the LGM (right). The occurrence 
probability of species at the current time was predicted by Environmental Niche Models (ENMs) 
using four current climate variables (annual mean temperature, minimum temperature of 
coldest month, annual precipitation and precipitation seasonality) and spatial availability 
index of them. The probability ranges from 0 to 1000 (0.1 %). All figures are shown at 5km grid 
resolution. Species name are abbreviated (Table A1). Species whose ENMs were not built due to 










































Fig. A5 Climatic niches of a) Acaena and b) Chionochloa species in New Zealand at 1 km grid 
resolution. Blue points show species occurrence records. Climate space occupied by New 
Zealand is shown in dark gray. Species names are abbreviated (Table A1).   
 
 
Fig. A6. Proportion of Acaena species occurrences within each land cover class and species 
prevalence in secondary open habitat. The current land cover classes were coloured by a habitat 
type and levels of openness; open habitats with low openness (blue gradient colours), open 
habitat with high openness (yellow gradient colours) and forests (green gradient colours). Black 





secondary open habitat for A.minor (”MIN” in the figure) is 1 due to no occurrence records in 
primary open habitat. Bars were sorted in descending order of preference for open habitat. 






Table A1. A list of study taxa, taxon name codes and the number of occurrence records at 1 and 









Number of 1km 
grid cells with 
occurrence 
records 
Number of 5km 
grid cells with 
occurrence 
records 
Acaena agnipila agn 268 219 132 
Acaena anserinifolia ans 3892 2646 1622 
Acaena buchananii buc 129 124 91 
Acaena caesiiglauca cae 2159 1597 779 
Acaena dumicola dum 104 91 80 
Acaena emittens emi 13 12 10 
Acaena fissistipula fis 391 345 248 
Acaena glabra gla 111 102 84 
Acaena inermis ine 888 787 518 
Acaena juvenca juv 95 86 63 
Acaena microphylla var. 
microphylla mic_mic 42 44 28 
Acaena microphylla var. 
pauciglochidiata mic_pau 38 35 24 
Acaena minor min 9 10 9 
Acaena novae-zelandiae nov 1025 787 572 
Acaena pallida pal 76 58 31 
Acaena profundeincisa pro 386 355 272 
Acaena saccaticupula sac 240 217 147 


















Number of 1km 
grid cells with 
occurrence 
records 
Number of 5km 
grid cells with 
occurrence 
records 
Chionochloa acicularis aci 337 198 120 
Chionochloa australis aus 339 269 156 
Chionochloa beddiei bed 25 16 9 
Chionochloa bromoides bro 107 40 29 
Chionochloa cheesemanii che 91 80 60 
Chionochloa_conspicua_s
ubsp._conspicuae con_con 1183 834 513 
Chionochloa conspicua 
subsp. cunninghamii con_cun 367 233 133 
Chionochloa crassiuscula 
subsp. crassiuscula cra_cra 21 20 11 
Chionochloa crassiuscula 
subsp. directa cra_dir 73 53 32 
Chionochloa crassiuscula 
subsp. torta cra_tor 546 372 271 
Chionochloa defracta def 39 26 16 
Chionochloa flavescens 
subsp. brevis fla_bre 338 216 143 
Chionochloa_flavescens_s
ubsp._flavescense fla_fla 116 85 47 
Chionochloa flavescens 
subsp. hirta fla_hir 164 111 74 
Chionochloa_flavescens_s
ubsp._lupeola fla_lup 169 119 70 
Chionochloa_flavicans_f.
_flavicanse fla_f. 70 54 46 
Chionochloa junceae jun 64 46 10 
Chionochloa lanea lan 19 13 12 
Chionochloa macra mac 618 487 244 
Chionochloa nivifera niv 10 10 7 
Chionochloa oreophila ore 233 197 161 






subsp. cadens pal_cad 578 372 246 
Chionochloa pallens 
subsp. pallens pal_pal 324 218 124 
Chionochloa pallens 
subsp. pilosa pal_pil 583 324 192 
Chionochloa rigida subsp. 
Amara rig_ama 356 289 211 
Chionochloa rigida subsp. 
rigida rig_rig 804 650 363 
Chionochloa rubra subsp. 
cuprea rub_cup 572 507 381 
Chionochloa rubra subsp. 
occulta rub_occ 282 162 88 
Chionochloa rubra var. 
inermis rub_ine 16 13 7 
Chionochloa rubra var. 
rubra rub_rub 168 136 87 
Chionochloa spiralis spi 31 25 11 
Chionochloa teretifolia ter 105 90 62 







Table A2 A list of land cover classes of pre-human and current land cover data and land cover 
types assigned in our study.  
(a) Pre-human land cover classes and land cover types 
Land cover class Land cover type 
Kauri/northern broadleaved forest Native forest 
Rimu/tawa-kamahi forest Native forest 
Kahikatea-pukatea-tawa forest Native forest 
Matai-kahikatea-totara forest Native forest 
Kahikatea-matai/tawa-mahoe forest Native forest 
Matai-totara-kahikatea-rimu/broadleaf-fuchsia forest Native forest 
Hall’s totara/broadleaf forest Native forest 
Hall’s totara/silver beech–kamahi–southern rata forest Native forest 
Hall’s totara-miro-rimu/kamahi-silver beech-southern rata forest Native forest 
Hall’s totara-miro/kamahi-southern rata-broadleaf forest Native forest 
Kahikatea-totara forest Native forest 
Rimu-miro/kamahi-red beech-hard beech forest Native forest 
Rimu-miro/tawari-red beech-kamahi-tawa forest Native forest 
Rimu-matai-miro-totara/kamahi forest Native forest 
Rimu-miro-totara/kamahi forest Native forest 
Silver beech forest Native forest 
Red beech-silver beech forest Native forest 
Black/mountain beech-red beech forest Native forest 
Mountain beech forest Native forest 
Matai-totara/black/mountain beech forest Native forest 
Wetland non-forest  
Dunelands non-forest  
Scrub tussock-grassland and herbfield above treeline non-forest  








(b) Current land cover classes and land cover types 
Land cover class Land cover type 
Built-up Area (settlement) Others 
Urban Parkland/Open Space Others 
Transport Infrastructure Others 
Surface Mine or Dump Others 
Sand or Gravel non-forest 
Landslide non-forest 
Permanent Snow and Ice Others 
Alpine Grass/Herbfield non-forest 
Gravel or Rock non-forest 
Lake or Pond Others 
River Others 
Estuarine Open Water Others 
Short-rotation Cropland Others 
Orchards Vineyards or Other Perennial Crops Others 
High Producing Exotic Grassland non-forest  
Low Producing Grassland non-forest  
Tall Tussock Grassland non-forest  
Depleted Grassland non-forest  
Herbaceous Freshwater Vegetation Others 
Herbaceous Saline Vegetation Others 
Flaxland non-forest  
Fernland non-forest  
Grose and/or Broom non-forest  
Manuka and/or Kanuka non-forest  
Broadleaved Indigenous Hardwoods Native forest 
Sub Alpine Shrubland non-forest  
Mixed Exotic Shrubland non-forest  
Matagouri or Grey Scrub non-forest  
Forest Harvested Others 





Indigenous Forest Native forest 
Mangrove Others 
Exotic Forest Others 
 
 
Table A3. Climate variables. The 19 BIOCLIM variables were retrieved from 
http://www.worldclim.org/current (Hijmans et al., 2005). 
Variables  Abbreviations Explanation  
Annual Mean Temperature BIO1  
Mean Diurnal Range BIO2 Mean of monthly 
(max temp - min 
temp) 
Isothermality BIO3 (BIO2/BIO7) (* 100) 
Temperature Seasonality BIO4 standard deviation 
of annual 
temperature *100 
Max Temperature of Warmest Month BIO5  
Min Temperature of Coldest Month BIO6  
Temperature Annual Range BIO7 BIO5 - BIO6 
Mean Temperature of Wettest Quarter BIO8  
Mean Temperature of Driest Quarter BIO9  
Mean Temperature of Warmest Quarter BIO10  
Mean Temperature of Coldest Quarter BIO11  
Annual Precipitation BIO12  
Precipitation of Wettest Month BIO13  
Precipitation of Driest Month BIO14  
Precipitation Seasonality  BIO15 standard deviation 
of annual 
precipitation *100 
Precipitation of Wettest Quarter BIO16  
Precipitation of Driest Quarter BIO17  
Precipitation of Warmest Quarter BIO18  
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